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2 ANNEX F: DNA REPAIR AND MUTAGENESIS

INTRODUCTION

1. Risk egimates for the induction of human disease are
obtained primarily from epidemiol ogical sudies. Thesestudies
can dearly digtinguish radiation effectsonly at rdatively high
dosesand doserates. Togaininformation at low dosesand low
doserates, which aremorerdevant totypical human radiation
EXposUres, it is necessary to extrapolate the results of these
sudies. To be valid, this extrapolation requires a detailed
understanding of the mechanisms by which radiation induces
cancer and genetic disorders.

2. Severd lines of evidence show that sites of radiation-
induced cdl lethality, mutation, and malignant change are
situated within the nucleus and that DNA is the primary
target. When DNA is damaged by radiation, enzymes within
the cdll nucleus attempt to repair that damage. The efficiency
of the enzymatic repair processes determines the outcome:
most commonly, the structure of DNA is repaired correctly
and cdlular functions return to norma. If the repair is
unsuccessful, incomplete, or imprecise, the cell may die or
may suffer alteration and loss of genetic information (seen as
mutation and chromosomal aberration). These information
changes determine heritable genetic defects and are thought
to be important in the devdopment of radiation-induced
cancer. The more complete the knowledge of the ways in
which human cdllsrespond to damage and of themechanisms
underlying the formation of mutations and chromosomal
aberrations, the more accurate will be the predictions of the
oncogenic and hereditary effects of ionizing radiation.

3.  DNA repair isitsdf controlled by a specific set of
genesencoding theenzymesthat catalyse cellular response
to DNA damage. Loss of repair function, or alteration of
the control of repair processes, can have very serious
consequencesfor cellsand individuals. It isanticipated that
DNA repair plays a critical role in protecting normal
individuals from radiation effects, including cancer.
Clinical experience has revealed individuals who are both
hypersensitivetoradiation and cancer-prone; someof these
individuals have recently been shown to have defects in
genesinvolved in the response to DNA damage.

4.  Inrecent yearsthere have been significant advances
in the molecular analysis of repair processes and the
understanding of the mechanisms that induce genetic
changes. Additionally, new methods have been devel oped
to smplify the identification of the genesinvolved. Asthe
details of damage-repair processes become clearer, it is
seen that these processes have considerable overlap with
other cellular control functions, such as those regulating
the cell cycle and immune defences. In this Annex the
Committee continues to review such developments in
molecular radiobiology, as it began to do in Annex E,
“Mechanisms of radiation carcinogenesis’ of the
UNSCEAR 1993 Report [U3], in order to improve the
understanding of how radiation effects are manifested in
cellsand organisms.

|. DNA DAMAGE AND REPAIR

A. THE ROLE OF DNA REPAIR GENES
IN CELL FUNCTION

5. Theinformation needed to control cellular functions
such as growth, division, and differentiation is carried by
the genes. Genes, which are specific sequencesof DNA, act
mainly through the production of complementary messages
(mRNA) that are trandated into proteins. Proteins can
haveastructural rolebut commonly work asenzymes, each
of which catalyses a particular metabolic reaction. Thus
specific genes contain the code for (encode) specific
cellular functions. The production of proteinscan betimed
so that they work at specific points in the devel opment of
a cel or organism, but protein function can also be
controlled by post-trandational modifications. These
modifications are carried out by other proteins, so that a
complex set of interactions is necessary to fine-tune
cellular functions. Proteins involved in important aspects
of cell metabolism (e.g. DNA replication) may also work
in multi-protein complexes [Al]. Thereis some evidence
also that some of the complexes are assembled into larger
structures situated in defined regions of the nucleus (e.g.
the nuclear matrix) [H2].

6. Lossor ateration of information in a specific gene may
mean that none of that gene product (protein) is formed, or
that the protein is less active, or that it is formed in an
uncontrolled fashion (e.g. a thewrong time or in the wrong
amount). While some minor genetic alterationsmay not affect
protein activity or interactions, others may sgnificantly
disrupt cdlular function. Since certain proteins work in a
number of different processes or complexes, the loss or
impairment of onetype of protein can affect severa different
functions of the cdl and organism (pleictropic effect).

7. Averylargenumber of genes, 60,000-70,000[F14], are
required to contral the norma functions of mammalian cdls
and organisms. However, the genes form only asmall part of
the genome (the complete DNA sequenceof an organism), the
remainder of which largey consgsts of many copies of
repetetive DNA sequence. The genes are linked in linear
arrays interspersed by non-coding sequences, to form
chromosomes located in the cdl nudeus. Most genes are
present in only two copies, each on a separate homologous
chromasome, oneinherited from themother and onefromthe
father. Tomonitor damage and to maintain the genes without
significant ateration is a magjor concern for the cell. Repair
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processes are common to al organisms from bacteria to
humansand haveevolved tocorrect errorsmadein replicating
the genes and to restore damaged DNA. This fact has in
recent years provided auseful tool for molecular geneticigsin
the analysis of repair processes, well characterized micro-
organisms can serve as modd systems to understand the
structureand function of repair genes. Theinformation gained
in this way can sometimes also be used directly to isolate
human genesof related function [L1]. Whilethestructureand
function of repair genes appears to be highly conserved from
lower to higher organisms, the regulation of their activities
may differ in different organisms.

8.  The consequences of loss of repair capacity areseen in
anumber of human syndromes and mutant cel lines. These
show hypersensitivity toenvironmental agents, andthehuman
syndromes often have multiple symptoms, including cancer-
proneness, neurological disorder, and immune dysfunction.
Good progress has been made over the last few years in
mapping and cloning the genesinvolved.

9. lonizing radiation damages DNA and causes mutation
and chromosomal changesin cdllsand organisms. Damageby
radiation or radiomimetic agentsalsoleadsto cd| transforma:
tion (a stage in cancer development) and cell desth. In the
light of current research, it is seen that the final response to
radiation damage is determined not only by celular repair
processes but also by related cdlular functions that optimize
the opportunity for recovery from damage. For example,
radiation damage may causean arrest in the cel cyde; thisis
thought to be a damage-limitation step, allowing time for
repair and reducing the consequences of a given dose [L22].
There is now some understanding of the way in which
radiation aterscdl cycletiming (Section 11.B.2), dthough the
roles of a number of enzymatic activitiesthat are induced or
repressed shortly after irradiation remain to be darified
(Section 111.B).

10. The severity of DNA damage, or the context in which
damage occurs (eg. during DNA replication), will often
dictate a repair strategy that places surviva firg and incurs
genetic change. DNA replication may bypass stes of sngle-
stranded DNA damage, inserting an incorrect base opposite
the altered or logt base. Additiondly, in attempting to repair
damage to DNA, enzymes may not be able to restore the
gructure with fidelity. Thus, mutation and chromosomal
rearrangement are not passive regponses to damage; rather,
they area consequence of theinteraction of cdlular processes
with damage. The types of genetic change that occur will
depend on the types of initiadl DNA damage, from ther
potential to miscode at replication and from the probability
that specificrepair enzymeswill act on given typesof damage.

B. TYPES OF DAMAGE AND PATHWAYS
OF REPAIR

11. DNA isadouble-heica macromolecule conssting of
four units: the purine bases adenine (A) and guanine (G), and
the pyrimidine basesthymine(T) and cytosine (C). The bases

arearranged in two linear arrays (or strands) held together by
hydrogen bonds centrally and linked externally by covalent
bonds to sugar-phosphate residues (the DNA "backbong").
The adenine base pairs naturaly with thymine (A:T base
pair), while guanine pairs with cytosine (G:C base pair), 0
that one DNA strand has the complementary sequence of the
other. Thesequence of the bases defines the genetic code; each
gene has a unique sequence, athough certain common
sequences exig in control and structura DNA dements.
Damageto DNA may affect any oneof its components, but it
is the loss or ateration of base sequence that has genetic
consequences.

12. lonizing radiation deposits energy in tracks of
ionizations from moving charged particles within cdls, and
radiations of different quality may be arbitrarily divided into
sparsely ionizing, or low linear energy transfer (low-LET),
and densdy ionizing (high-LET). Each track of low-LET
radiations, such as X rays or gammarays, consgts of only a
relatively small number of ionizationsacross an average-szed
cdl nudeus (eg. a gammaray dectron track crossing an
8 um diameter nudeus gives an average of about 70
ionizations, equivalent to about 1 mGy absorbed dose
athough individual tracks vary widely about this value
because of track stochasticsand varying path lengthsthrough
thenucleus). Each track of ahigh-LET radiation may consst
of many thousands of ionizations and give a rdatively high
dose to the cdl; for example, a 4 MeV apha-particle track
has, on average, about 23,000 ionizations (370 mGy) in an
average-sized cdl nucleus [G27, U3]. However, within the
nucleuseven low-LET radiationswill givesomesmall regions
of relatively dense ionization over the dimensions of DNA
sructures, for example, where a low-energy secondary
eectron comesto rest within acell.

13. Radiation tracks may depost energy directly in DNA
(direct effect) or may ionize other molecules closdy
associated with DNA, especially water, to form free radicals
that can damage DNA (indirect effect). Within a cdl the
indirect effect occurs over very short distances, of the order of
afew nanometres, becausethediffusion distanceof radicalsis
limited by their reactivity. Although it is difficult to measure
accurately the different contributions made by the direct and
indirect effectsto DNA damage caused by low-LET radiation,
evidence from radica scavengers introduced into cdls
suggeststhat about 35% is exclusively direct and 65% hasan
indirect (scavengeable) component [R21]. It has been argued
that both direct andindirect effectscausesimilar early damage
to DNA; thisis because the ion radicals produced by direct
ionization of DNA may react further to produce DNA
radicals smilar to those produced by water-radical attack on
DNA [w43].

14. lonization will frequently disrupt chemical bonding in
cdlular molecules such as DNA, but where the mgority of
ionizations occur as single isolated events (low-LET
radiations), these disruptions will be readily repaired by
cdlular enzymes. However, the average dengty of ionization
by high-LET radiations is such that severa ionizations are
likely to occur as the particle traverses a DNA double helix.
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Therefore, much of the damage from high-LET radiations, as
wdl as a minority of the DNA damage from low-LET
radiations, will derive from localized dugters of ionizations
that can severdly disrupt the DNA structure [G27, W44].
While the extent of local clustering of ionizations in DNA
from sngle tracks of low- and high-LET radiations will
overlap, high-LET radiaion tracks are more efficient at
inducing larger clugters, and hence more complex damage.
Also, high-LET radiations will induce some very large
clugters of ionizations that do not occur with low-LET
radiations; the resulting damage may be irrepairable but may
also have unique cdlular consequences (see paras. 192, 199,
and 201) [G28]. Additionally, when a cdll is damaged by
high-LET radiation, each track will give large numbers of
ionizations, so that the cell will receive a rdatively high dose
and there will be a greater probahility of correlated damage
within asingle DNA molecule(or chromaosome) or in separate
chromosomes. As a consegquence, the irradiation of a
population of cdlsor atissuewith a“low dosg’ of high-LET
radiation resultsin afew cdlsbeing hit with ardatively high
dose (one track) rather than in each cdl recelving a small
dose. In contrast, low-LET radiation is more uniformly
digributed over the cell population; at doses of low-LET
radiation in excess of about 1 mGy (for an average-size cell
nucleus of 8 um diameter), each cdl nucleus is likely to be
traversed by more than one sparseay-ionizing track.

15. The interaction of ionizing radiation with DNA
produces numeroustypes of damage; the chemica productsof
many of these have been identified and dassified according to
ther structure [H4, S3]. These products differ according to
which chemical bond isattacked, which baseismodified, and
the extent of the damage within a given segment of DNA.
Table 1 lists some of the main damage products that can be
measured following low-LET irradiation of DNA, with a
rough estimate of their abundance. Attempts have also been
madeto predict thefrequenciesof different damagetypesfrom
a knowledge of radiation track structure, with certain
assumptions about the minimum energy deposition (number
of ionizations) required. Interactions can be dassfied

according to the probability they will cause a sngle-strand
DNA dteration (eg. a bresk in the backbone or base
ateration) or dterationsin both strandsin close proximity in
one DNA molecule (eg. a double-strand bresk), or a more
complex type of DNA damage (e.g. a double-strand break
with adjacent damage). Good agreement has been obtained
between these predictionsand direct measurements of single-
srand bresks, but there is less good agreement for cther
categories of damage [C47]. While complex forms of damage
aredifficult to quantify with current experimental techniques,
the use of enzymes that cut DNA at sites of base damage
suggests that irradiation of DNA in solution gives complex
damage sitesconssting mainly of d osely-spaced basedamage
(measured as oxidised bases or abasic Stes); double-strand
breskswere associated with only 20% of the complex damage
sites[S87]. It isexpected that the occurrence of more complex
types of damage will increase with increasing LET, and that
this category of damage will be less repairable than the
smpler forms of damage. Theoretical smulations have
predicted that about 30% of DNA double-strand breaks from
low-LET radiation are complex by virtue of additional breaks
[N19] and that this proportion rises to more than 70%, and
the degree of complexity increases, for high-LET particles
[G29].

16. Some of the DNA damage caused by ionizing
radiation is chemically similar to damage that occurs
naturally in the cel: this "spontaneous' damage arises
from thethermal instability of DNA aswell asendogenous
oxidative and enzymatic processes [L2, M40]. Severa
metabolic pathways generate oxidative radicalswithin the
cell, and theseradicals can attack DNA to give both DNA
base damage and breakage, mostly as isolated events
[B46]. The more complex types of damage caused by
ionizing radiation may not occur spontaneously, since
localized concentrations of endogenous radicals are less
likely to be generated in the immediate vicinity of DNA.
Thisthemeistaken up in Annex G, “Biological effectsat
low radiation doses’, which considers the cdlular
responses to low doses of radiation.

Table 1

[L60, P31, W39]

Estimated yields of DNA damage in mammalian cells caused by low-LET radiation exposure

Type of damage Yield (number of defects per cell Gy
Single-strand breaks 1000
Base damage® 500
Double-strand breaks 40
DNA-protein cross-links 150

a Baseexcison enzyme-sengitive sites[P31] or antibody detection of thymine glycol [L60].

17. Measurement of the endogenous levels of DNA base
damage has been difficult because of the artefactual produc-
tion of damage during the preparation of the DNA for analysis
(eg. by gas chromatography/mass spectrometry) [C55]. This
difficulty explains the presence in the literature of consider-
ably inflated (by factorsof at least 100) val uesfor background

levels of base damage Interegtingly, the recognition of
damage by base excison repair enzymes (paragraph 22) has
provided aless discordant method of measurement, athough
the specificity of the enzymes for different types of base
damageis not precisdy known. These enzymes cut the DNA
at the ste of base damage, to give a single-strand bresk that
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can be measured accurately by anumber of techniques. Using
this method, measurement of an important form of oxidative
damage, 7,8-dihydro-8-oxoguanine (generally known as 8-
oxoguaning)), has given steady-dtate levels of 500-2000 per
cdl, depending on cdll type[P30]. Using similar measurement
methods, thelevel of 8-oxoguanineinduced in celular DNA
by gamma rays is about 250 per cell per Gy [P31]. A newly
devel oped ultrasensitive assay for another type of basedamage
in human cellular DNA, thymine glycol, couples antibody
detection with capillary dectrophoress. This method showed
alinear responsefor yied of thymine glycol with gamma-ray
dose down to 0.05 Gy, giving a levd of about 500 thymine
glycals per cdl per Gy againg a background of 6 thymine
glycols per cdl [L60]. The difficulties experienced in
measuring base damage accurately in cdlular DNA and the
rdatively low levds now found for the commoner types of
damage have also called into question the extent to which
someprevioudyidentified formsof basedamageoccur incells
following irradiation.

18. Themeasurement of endogenous|evesof other typesof
DNA damage, such as double-strand bresks, has involved
similar technical difficulties. Many of the methods used to
measure double-strand breaks in mammalian cels introduce
thisform of damageeither inadvertently or ddliberately aspart
of the methodology. Thisis because the mammalian genome
is so large that it had to be reduced in size by random
breskage first before useful measurements could be made.
This problem has been overcomein part by theintroduction
of methods based on the gentle release of DNA from cdlls by
ther lyssin agd matrix [C64, O3], but there is commonly
il abackground level of DNA breakage amounting to afew
per cent of thetotal DNA. However, asdocumented in Section
[1.B, it is unlikdy that mammalian cells have a high steady-
satelevel of DNA double-strand breskage, sncethese bresks
act as a sgna for damage-recognition processes that can
block the cdl cycle or induce programmed cdl death. It is
possible that even one unrepaired double-strand bresk can
trigger thiscdlular response (paragraph 101). It hasa so been
found that one unrepaired double-strand break can cause
lethality in irradiated yeast cdls (paragraph 108). Thus,
tolerance of this form of damage in cdlsislikey to be very
low.

19. Whilethe precise nature of the damage will influence
repairability, it ispossbleto consder afew general categories
of damage in order to describe their consequences. A
simplified classification can be based on theability of enzymes
to use the complementary base structure of DNA to facilitate
repair of the damage ste. Thus, damage to sngle strands
(base modifications, single-strand breaks) can be removed or
modified, followed by resynthesi susing theundamaged strand
as a template. Where the damage affects both strands of a
DNA molecule in dose proximity (double-strand breaks,
cross-links), itismoredifficult torepair and requiresdifferent
enzymatic pathways for itsresolution. To resolve successfully
more complex types of damage may require enzymes from
more than onerepair pathway. Toillustrate the knowledge of
the different repair pathways available to the cdl, the
following account (to paragraph 34) includes a discussion of

the repair of damage caused by various DNA-damaging
agents aswell asionizing radiation.

20. DNA repair enzymes can becharacterized ascel lular
proteins acting directly on damaged DNA in an attempt to
restore the correct DNA sequence and structure. These
relatively specialized enzymes appear to undertake the
initial stages of recognition and repair of specific forms of
DNA damage. For example, DNA glycosyl asescatalyzethe
cleavage of base-sugar bonds in DNA, acting only on
altered or damaged bases [W1]. Further, there are severa
different types of glycosylase that recognize chemically
different forms of base damage. However, enzymes that
carry out normal DNA metabolism are aso part of the
repair process for many different forms of damage. In the
latter category there are, for example, enzymesinvolvedin
the synthesis of DNA strands (DNA polymerases) and
enzymes involved in the joining of the DNA backbone
(DNA ligases). Several different typesof DNA polymerases
and ligases have been identified; it is thought that they
have different roles in normal DNA metabolism and that
only some are active in DNA repair [L3, P1].

21. The simplest repair processes directly reverse the
damage; for example, many organisms, but not mammals,
possess an enzyme that directly photoreactivates the UV-
induced dimerization of pyrimidine bases[S1]. Similarly,
the enzyme O°methylguanine-methyltransferase directly
removes methyl groups induced in DNA by alkylating
carcinogens [P13]. However, most damage types require
the concerted action of a number of enzymes, forming a
repair pathway. Several apparently discrete repair
pathways have been identified, as described below and
illustrated in Figurel.

22. Damagetoindividual basesin DNA may becorrected
simply by removing the base, cleaning up the site, and
resynthesis. Inthisprocess, termed thebase-excision repair
pathway, aDNA glycosylase removes the damaged base, a
DNA endonuclease cuts the DNA backbone, the sugar-
phosphate remnants are removed by a phosphodiesterase,
and apolymerasefillsin the gap using the opposite base as
atemplate (Figurela) [L2, $49]. Even whereasingle base
is damaged, therefore, severa different enzymes are
required to give correct repair. The latter part of this
process may also be used to repair single-strand breaksin
DNA. Radiation-induced DNA breaks are generally not
rejoined by a smple ligation step, because sugar damage
and, often, base loss occur at the site of a break. Base-
excision repair is generally localized to the single DNA
baseand isvery rapid [D16, S58]; however, in mammalian
cellsaminority of repair patches of up to 6 bases have been
found, indicating a second “long-patch” pathway (see
paragraph 75).

23. Many DNA glycosylases are specific for theremoval
of onetype of altered base from DNA; for example, uracil-
DNA glycosylase removes only uracil and some oxidation
productsof uracil [F15]. However, thereissomeoverlapin
the specificity of some base-excision repair enzymes. An
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Figure I.
Mechanisms of DNA repair (simplified).

Figure la: Base damage is excised by a specific glycosylase: the DNA backbone is cut and the gap filled by a

polymerase. The resulting gap is refilled.

Figure Ib: Bulky base damage is removed along with an oligonucleotide (of about 30 bases in human cells). Resynthesis

takes place using the opposite strand as a template.

Figure Ic: A double-strand break is rejoined end-to-end.

Figure ld: A double-strand break is repaired with the help of ahomologous undamaged molecule (shown in red). Strand
invasion allows resynthesis on complementary sequence, followed by a resolution of the strands and rejoining.

example of thisis seen in theresponsetoionizing radiation of
bacterial cellsdefectivefor oneor more nucleasesinvolved in
base-excison repair: while cdls defective for either nuclease
alone were not radiation senditive, the loss of both nucleases
madethecdlsextremdy radiation sensitive[C60, Z10]. Some
glycosylaseshave avery broad specificity for different typesof
base structure, such as 3-methyladenine-DNA glycosylasell,
which acts on a variety of chemically-modified purines and
pyrimidines, 5-methyl oxidized thymines, and hypoxanthine.
It has recently been found that 3-methyladenineDNA
glycosylase Il will also remove natural bases from DNA,
especialy purines, at significant rates. Thisfinding hasled to

the novel suggestion that the rate of excison of broad-
specificity glycosylases is a function of the chemica bond
gtability in DNA. On this basis, damaged bases are excised
more readily than natural bases becausether chemical bonds
areless sable [B57].

24. A speciaized form of base-excison repair involvesthe
removal of mismatched DNA bases that occur as errors of
DNA replication or from themiscoding propertiesof damaged
bases. For example, 8-oxoguanine is a common product of
oxidative damage to guanine bases (paragraph 17); this
product is highly mutagenic because of its ahility to miscode
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(polymerasesincorporate adenineingtead of cytosine opposite
8-oxoguanine, thus changing the DNA sequence). Cdlshave
evolved three different methods to deal with the formation of
8-oxoguanine: one glycosylase can correct the mismatch by
removing 8-oxoguanine from DNA, while a different
glycosylase can remove the mismatched adenine after DNA
replication [A27, T48]. Excison and resynthesis of the
missing base occur as in the general base-excision repair
process. Additionally, another enzyme can remove the
precursor of 8-oxoguanine(8-hydroxy-GTP) from thenucleo-
tide pool beforeit isincorporated into DNA [M51]. A number
of other mismatches, arisng most commonlyin DNA replica-
tion and recombination, are corrected by a separate “long
patch” pathway, known as the MutHLS pathway, that is
similarly important in protecting cells from high frequencies
of mutation (see paragraph 165) [K38].

25. Where a damaged base is close to another damaged
base or to a single-strand break, which isthe most smple
form of clustered damage, repair may be compromised.
Examination of model DNA substrates with base damage
on opposite strands, separated by different numbers of
bases, has shown that glycosylases do not repair both sites
of damage when they are very close to one another (1-3
bases) [C56, C57, H49]. Further, attempted repair of both
sites of base damage can result in a DNA double-strand
break, because the DNA backbone is cut as part of the
repair process.

26. In contrast to base-excison repair, nucleotide-excison
repair removes a whole section of single-stranded DNA
containing a site of damage, generally a bulky DNA adduct
causing digtortion of the double helix. These enzymes haveto
perform such functions as recognition of damage, cutting of
the strand at a specified distance ether side of the damage,
and unwinding and remova of the strand (Figure 1b). As
might be expected, at least 11 enzymes have aready been
identified as components of nucleotide-excison repair [W52],
not incduding polymerase and ligase. The enzymes of
nucl eotide-excision repair arehighly conserved from microbes
to humans, and this feature has been used to assg in the
isolation of the genes encoding these functions. Severa of
these genes have been found to be mutated in humans, giving
rise to a series of disorders, including xeroderma pigmento-
sum and Cockayne's syndrome [H3]. Individuals inheriting
mutated nuclectide-excison repair genes are generdly
sengtive to sunlight and chemical agents causing bulky
damagein DNA, but afew individuals show cross-senstivity
toionizing radiation [A2, R15]. Additiondly, asmall fraction
of damage induced by gamma rays is not repaired in cdls
derived fromindividual swith xerodermapigmentosum, which
suggests that ionizing radiation induces some bulky damage
(eg. purine dimers) that cannot be removed by the base
exdsion repair pathway [Sb6]. Alternatively, a fraction of
non-bulky base damage (8-oxoguanine, thymine glycol) may
be removed by the nucleotide-excision repair system, parti-
cularly in long-lived cdls such as neuronsthat sustain agreat
deal of endogenous oxidative damage [R22]. These possibi-
lities may explain why severe cases of xeroderma pigmento-
sum also suffer progressive neurological degeneration.

27. A surprising recent discovery wasthat some nucleotide-
excdsion repair enzymes are aso invalved in the norma
process of gene expression (transcription). Thus, when genes
are activdy expressing, they require some of the same
functions needed for repair, such as unwinding the DNA
helix, and it seems that the same proteins are used. This
finding explainsthe previoudy puzzling observation of alink
between human disorders with sengtivity to sunlight and
those with complex defects in gene expresson (such as

trichothiodystrophy [L70]).

28. Anocther important discovery about nucleotide-excison
repair isthat it operates at different ratesin different parts of
thegenome[H1]. Thus, actively expressng genesarerepaired
much faster than the remainder of the genome. Much of the
detail of this process has now been ducidated: it is thought
that when damage occursin agenethat isactively expressing,
the proteinsinvolved in this process (the RNA polymerase I
transcription complex) stop working, and the stalled complex
actsasasgnal totherepair proteinsto go to thedamage site.
Thistwo-tier repair system hasbeen found in organismsfrom
bacteria to humans, and the protein mediating the signal to
bring repair to the damage site has been identified in bacteria
[S2]. The presencein the cel of afast transcription-coupled
repair process has aso been found to have genetic conse-
quences. only one of the DNA srands of the duplex is
transcribed, and only this strand is repaired rapidly. It has
been found in normal cdllsthat most of the mutationsinduced
by DNA damage are in the non-transcribed strand, presum-
ably because lack of fast repair allows the damage to interact
with other processes, causing mutations [M2]. In contragt,
repair-defective cdl lines show a completely altered mutation
spectrum, with most mutations recovered in the transcribed
strand. Much of this detail has been established usng UV-
light damage, but the repair of other types of DNA damage,
including certain forms of base damage induced by ionizing
radiation such as thymine glycals, isinfluenced by transcrip-
tion-coupled processes[H1, CA1]. Again, certain human sun-
sendtive disorders have been found to lack dther the fast
repair path (Cockayne's syndrome) or the dower overall path
of nucleotide-excision repair (xeroderma pigmentosum group
C). Loss of the fast or dower pathways may aso affect the
clinical outcome of sun-sengtive disorders. Cockayne's syn-
drome does nat result in cancer-proneness, while xeroderma
pigmentosum patientsare highly proneto skin cancers[M2].

29. More severe forms of damage require yet more
resources for their correct repair. Thisis especially true of
damage affecting both DNA strands simultaneously, since
there is no undamaged strand to act as a template for
repair. Severe damage may occur directly by a damaging
agent causing complex DNA changes or may arise during
thereplication of unrepaired single-stranded DNA damage.
It is likely that such severe damage will be repaired by
recombination enzymes, which rgoin or replace damaged
sequences through a variety of mechanisms. In general,
therearetwo main types of recombination repair processes.
homol ogousrecombination andillegitimaterecombination,
although site-specific recombination processes also occur.
The principles of recombination repair have been well
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established in micro-organisms, and it has recently been
found that similar processes occur in human cells.

30. Homologous recombination takes advantage of the
seguence identity between certain regions of DNA to repair
damage; such regionsexig, for example, in the materna and
paternal copies of chromosomes and in the duplicated
chromosome (Sster chromatids) following DNA replication.
The DNA sequence, from which information is derived to
repair the damaged copy, must be identicd over a
considerable length (>200 base pairs). It is known in the
budding yeast (Saccharomyces cerevisae), for example, that
homologous recombination is the main method for DNA
double-strand break repair. Several of therad52 group of yeast
mutants wereisolated on the basis of their extreme sengitivity
toionizing radiation and have been shown to be defectivein
both DNA double-strand break repair and homologous
recombination [G1]. In recombination, the broken 3 end of a
DNA strandinvadesan unbroken double-stranded homol ogue,
and resynthesis on thistemplate re-formsthe damaged strand
(Figure Id). Separation of the joint product of this reaction
requires the activity of enzymes cutting and regjoining the
newly-synthesized DNA strands. Depending onwhich strands
are cut and rejoined, this reaction may also result in crossing
over (genetic exchange) of DNA strands.

31. Illegitimate recombination (including DNA end-
joining processes) is a common mechanism for rejoining
broken DNA sequences in mammalian cells (Figure Ic).
When foreign DNA molecules are integrated into the
genome[R1] or when the genomic breakpointsof deletions
and rearrangements are analysed (Section 1V.C), it is
found that these genomic sites show little sequence
homology. There appears to be more than one repair
pathway involved, and terms such as non-homol ogous end
joining and direct-repeat end joining are used to describe
different pathways in this Annex (see Section 11.B.1). It
can be argued that illegitimate recombination is a
mechanism for rapidly rejoining broken DNA endswithout
the need for the complex machinery of homologous
recombination [R1]. It is also likely that because of the
large amount of repetitive DNA sequence in mammalian
cells, if the processes of homol ogous recombination were
generaly available in cells, there would be an intolerable
level of reshuffling of the genome. While homologous
recombination isthought to be a mechanism for repairing
DNA with littleerror, illegitimate recombination is likely
to cause alteration and/or loss of DNA sequence.

32. It is likely that both homologous and illegitimate
recombination processes are able to repair severe damage
in the genome. However, a surprising recent discovery in
mammalian cellsisthat the some of the enzymesinvolved
in repairing radiation-induced breakage of DNA also take
part in a site-specific recombination process, V(D)J
immune-system recombination. This process assembles
functional immune genes from separate genomic regions,
through somatic gene rearrangement, and is dealt with in
more detail in Section I1.B.1.

33. There is aso evidence that cells have specific
surveillance mechanisms for DNA damage and that these
mechanisms interface with other aspects of cellular meta-
bolism such as cell-cycle progression [M3]. Thus it is
envisaged that when the genome, and perhaps other parts
of the cell, sustains damage, a response mechanism is set
up to maximize the chance of repairing the damage (or in
somecasestocommit thecell to aprogrammed death). The
details of these mechanisms, as well as how the overall
response is coordinated, are not yet clear.

34. Morethan 50 genes are already known to affect the
repair of DNA damagein lower eukaryotic organismssuch
as yeasts [F1], but this figure includes genes involved in
processes such as cell-cycle checkpoints (Section 11.B.2).
Additionally, new genes are being found continually, both
in searchesfor homologues of existing repair genesand in
genome mapping projects. In view of the numbers already
discovered, the multiplicity of types of damage requiring
repair, and the recent discoveries of complexity in repair
pathways, it would not be surprising if the overall number
in humansisafew hundred genes. Therefore, asignificant
fraction of the genome (paragraph 7) is devoted to
maintaining the integrity of DNA. Since the damage to
DNA fromionizing radiation isalso very diverse, many of
these genes will play arolein itsrepair.

C. SUMMARY

35. lonizing radiation interacts with DNA to give many
different typesof damage. Radiation track Sructureconsidera-
tions indicate that the complexity of the damage increases
with linear energy trandfer, and that this complexity may
diginguish radiation damage from aterations occurring
spontaneoudy and by other agents. Attemptsto measureendo-
genous leves of damage have sufferred from high leves of
artefacts, and despite improved methods there are il large
margins of error in these estimates. At present, therefore, itis
difficult to compare radiation-induced levels of damage with
those occurring spontaneoudy, especially when damage com-
plexity istaken into account. The importance of the relation-
ship between spontaneousand induced level sof damagein the
determination of low dose responsesistaken up in Annex G,
“Biological effects at low radiation doses’.

36. A large number of genes have evolved in al
organismstorepair DNA damage; therepair geneproducts
operatein a co-ordinated fashion to form repair pathways
that control restitution of specific types of damage. Repair
pathways are further co-ordinated with other metabolic
processes, such as cell cycle control, to optimize the
prospects of successful repair.

37. Itislikely that the smpler forms of DNA damage
(single sites of base damage, single-strand breaks) arising
endogenoudy and from exposuretoionizing radiation will
be repaired rapidly and efficiently by base-excision repair
processes, so these types of damage are not normally a
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serious challenge to biological organisms. However,
because of therdatively large amount of base damage and
single-strand breaks induced (Table 1), if base-excision
repair systems are compromised, the consequences would
be very serious for the cell and the individual. DNA
damage such as double-strand breaks represents a more
difficult problem for cellular repair processes, but more

than onerecombination repair pathway hasevol ved to cope
with this damage. Damage caused by large clusters of
ionizations in or near DNA, giving more complex DNA
alterations, may represent aspecial casefor which separate
repair pathways have to come together to effect repair, or
wherethere is a consequent loss or alteration of the DNA
sequence as a result of incorrect or inadequate repair.

Il. REPAIR PROCESSES AND RADIOSENSITIVITY

A. RADIOSENSITIVITY IN MAMMALIAN
CELLS AND HUMANS

1. The identification of radiosensitive
cell lines and disorders

38. Individualsvaryintheir sengtivitytoionizing radiation.
Highly radiosenstive individuals have been detected when
they present for cancer therapy; these are seen asrarepatients
suffering severe normal tissue damage after standard therapy
trestments. It has been possible to group some radiosensitive
patients into defined disorders, such as ataxia-tedlangiectasia
and the Nijmegen breakage syndrome, but othersappear tobe
asymptomatic (that is, with none of the symptoms of known
sengtivity disorders, but also discovered following treatment
for cancer). Additionally there are individuals who show less
extreme radiosengtivity, some of whom may be variants of
known disorders such as ataxia-telangiectasia

39. Ataxiatdangiectasa is the best described of radio-
sengtive disorders. It has a complex phenotype; cerebd lar
ataxia, neuromuscular degeneration, dilated ocular blood
vessels (telangiectasia), immunodeficiency, chromosomal
ingtability, and a subgtantialy increased incidence of some
cancers and neoplasms are common to ataxiartelangiectasia
patients[B10]. Ataxiartdangiectasaisinherited primarily as
an autosomal recessive trait, although it has been suggested
that both radiosenstivity and cancer-proneness behave with
some dominance. The disease is progressive, with most
affected individuals surviving only to adolescence or early
adulthood. Lymphocytic leukaemia and non-Hodgkin's
lymphoma appear to be the commonest forms of cancer, but
solid tumours in various organs are also associated with
ataxiatelangiectasia [H9]. Edtimates of the frequency of the
disorder vary but suggest an average of about 1 per 100,000
[P8, S12, W1Q].

40. Theradiosengtive phenotype of ataxia-tdangiectasais
a soreadily demongratedin cdllscultured from patients, using
cdl survival and chromosome damage assays. For examplein
a survey comparing the surviva of cells cultured from 42
normal individuals with those from 10 ataxia-telangiectasia
individuals following x-irradiation, the ataxiartelangiectasia
cdls were, on average, 2.7 times more senditive than the
normal cels (see Figurell) [C8]. Compared to normal cdls,
an devated frequency of chromosomal aberrations is found
both spontaneoudy and after irradiation of ataxiatdangiec-

asacdls Also, whileirradiation of normal cdlsin the pre-
synthesis(G,) phase of thecel cycleyiedsonly chromosome-
type aberrations, both chromatid- and chromosome-type
aberrationsarefound in ataxia-telangiectasia[ T1]. A griking
feature of ataxiatedlangiectasa cdls is their resstance to
radiation-induced DNA synthesis dday: normal cdlsshow a
rapid inhibition of DNA synthess after irradiation, while
ataxia-tel angiectasiacell shaveade ayed and/or much reduced
inhibition [P4].
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Figure Il. Survival of human fibroblast cells after x-
irradiation as measured by their colony-forming ability
[C8]. The range of D, (the dose required to kill 63% of the
cells) is 0.3-0.6 Gy in 10 patients with ataxia-telangiectasia
and 1-1.6 Gy in 42 normal individuals.

41. Nijmegen breskage syndrome is a clinicaly separate
radiosensitive disorder characterized by variable immune
deficiencies, microcephaly, developmental delay, chromo-
omal ingtability, and cancer susceptibility [B4, S7, V7, W4].
Lymphoreticular cancers again seem to characterize this
disorder [S8]. Nijmegen breskage syndrome patients show no
ataxia or telangiectasa, but their cdlular phenotype is very
smilar to that of ataxiatelangiectasa [A17, J1, N6, T2].
Other patients with smilarities to ataxia-tdangiectasa and
Nijmegen breakage syndrome have been found and in some
cases classfied separately by geneticanalysis ([C12, W5]; see
also below). One case has been reported of combined ataxia-
tel angiectasiaand Nijmegen breakagesyndromeand called A-
Teresvo [C18]. Also, there are anumber of reports of families
or individuals who show symptoms that partially overlap
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ataxiatelangiectasa and Nijmegen breskage syndrome; an
example would be a family with individuals showing ether
ataxiatelangiectasia or a disorder involving ataxia, micro-
ephaly, and congenital cataract [Z3].

42. Toaddtothiscomplexity, anumber of individualswith
a variant form of ataxia-tedlangiectasa have been described;
these patients may show ad ower onsat of symptomsand have
intermediateleve s of cdlular radiosenstivity [C4, C7, F2, 12,
T3,Y1, Z1].

43. In addition to individuals having multiple symptoms
associated with radiosenstivity, some otherwise norma
persons have been found to be highly radiosenstive. Woods
et a. [W9] described an apparently normal 13-year-old girl
whodevel oped multiple compli cationsfal lowing radictherapy
for Hodgkin's dissese. Cdls derived from a skin biopsy
showed a highly sensitiveradiation survival response, smilar
to that for ataxiatelangiectasia cells. Plowman et al. [P7]
reported similar findings for a 14-year-old boy with acute
lymphoblastic leukaemia; again, no ataxia-telangiectasia or
Nijmegen breakage syndrome-like symptoms were present,
but both whole-body and cdlular radiosengtivity were as
extreme as for ataxia-tdangiectasa. Thisindividua has now
providedthefirst exampleof radiosenstivity in humanswhere
adefined cdlular repair defect (in theligase IV enzyme) can
be readily demongtrated; repair of radiation-induced DNA
double-strand breaks and interphase chromosomedamageare
similarly impaired (see also paragraph 66) [B15].

44, Thereissomeevidencefor ionizing radiation senstivity
in several other cancer-prone disorders, athough the
published datado not always agree on the degree of sengitivity
(seeds0 Section I11.A). Bloom'ssyndromeisarareautosomal
recess vedisorder showing severegrowth retardation, variable
immune deficiencies, and abnormal spermatogenesis [G20].
Theageof onset of cancer isconsiderably earlier than normal;
about one third of surviving cancer patients with Bloom's
syndrome develop multiple primary tumours with no con-
igent pattern of cancer type or location. Individuals with
Bloom'ssyndromedevelop adigtinct facial rash from sunlight
sengtivity, and their cedls are not only hypersenstive to
severa different DNA-damaging agents but also show DNA
replicaion abnormalities [L47]. Genetic ingtability isseenin
high levels of spontaneoudy-occurring chromosomal aberra:
ionsand S ster chromatid exchanges, chromosomal sensitivity
to x rays has been found especialy in celsin the G, phase of
growth [A 16, K30]. One caseof Bloom's syndrome devel oped
oesophagedl stricturefdlowing standard radiotherapy treat-ent
for lung cancer. Thisisvery rardy seen in such treatment and
is suggestive of hypersengtivity to radiation [K31].

45, Fanconi's anaemia is a cancer-prone disorder, most
commonly presenting with acute myeloid leukaemia (15,000-
fold increasad risk), athough solid tumours are aso found.
Bone marrow failure is a common diagnogtic feature of this
disorder, athough symptoms may include congenita
malformations, abnormal skin pigmentation, and skeletal and
renal abnormalities[J15]. Fanconi'sanaemia cels show high
levels of chromosomal aberrations and are hypersensitive to

DNA cross-linking agents(e.g. mitomycin C, diepoxybutane).
Additionally, ahigh proportion of deletions has been reported
in certain genes of Fanconi's anaemia cdl lines, giving a
higher frequency of mutation in assays measuring loss of
heterozygosity (see paragraph 172) [S68]. There has been
somedispute over the extent to which Fanconi'sanaemiacels
are sngtive to ionizing radiation; a lack of gendic
classification in these experiments may account for some of
the variability found (see paragraph 68). However, when they
compared published data on the sengtivity of human
fibroblasts, Deschavanne et a. [D7] concluded that Fanconi's
anaemiawas one of the few disorders for which senstivity to
radiation could be distinguished from that of normal cells.

46. The genes contralling radiosensitivity in humans will
not beidentified smply by analysing radiosensitive disorders.
Thisisbecause mutationsin many genesarede eterioustothe
extent that the devel opment of aviable organismisinhibited.
This point was illustrated by the creation of a “knockout”
mouse for the UV-damage repair gene ERCC1 (knockout
meaning that both copies of the gene are inactivated). No
human variant for the ERCC1 gene has been found, and the
knockout mouse dies before weaning, apparently asthe result
of amassiveload of (unrepaired) damage [M7]. Therefore, to
examine the full range of genes invalved, it has been
necessary to derive radiosensgitive mutant lines from cdlsin
culture. To this end, more than 50 mutant cell lines senditive
to various genotoxic agents have been identified; many of
theseshow somedegree of x-ray sensitivity and arebeing used
to dissect repair pathways in mammalian cdls [C16, H11].
These cdl lines are especialy useful for gene cloning, since
this has often proved difficult to achieve using cells derived
from human patients. It is possible a the present stage of
knowledge to group these mutant cdl lines into severd
categoriesbased on their responses, and recently severd of the
genes involved have been mapped or doned (Table 2). As
radiosengtive cel lines have been developed in laboratories
around the world, amog all have been found to represent
defects in different genes. For this reason, and because
ionizing radiation produces a diversity of DNA damage, it is
anticipated that alarge number of the human genes involved
in determining radiation resistance remain undiscovered.

47. The discovery and analysis of the genetic basis of
radiation sensitivity is al'so being pursued through other
strategies, including the biochemical analysis of repair
reactions and the purification of repair proteins, aswell as
the identification of human repair genes by homology to
thelr counterpartsin lower organisms (Section 11.A.3). In
many instances, the genes discovered by these routes are
found to give rise to a high level of sensitivity when
mutated but to affect only a small fraction of the human
population or to be inconsistent with life. However, some
genes affecting radiation sensitivity will probably have
more subtle effects, either because the particular gene
mutation only partially reduces gene product activity or
because the gene is not vital for cdlular response to
radiation. Studies exploring the latter types of response,
which may affect a much larger fraction of the human
population, are described in Section 111.A.
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Table 2
Classification of radiosensitive disorders and cell lines
Tvoe of defect Disorder / Human gene Human Animal model
b defective cell line(s) designation *# gene phenotype °
location
Probable DNA break repair defect and loss Ataxiatelangiectasa ATM 11023 AT-like ©
of cell-cyle control following damage Nijmegen breakage syndrome NBSL 8021 -
irs2/V-series XRCC8 ? -
DNA double-strand break repair defective Xrs XRCC5 2035 Immune deficiency ¢
and V(D)J recombination defective XR-1/M10 XRCC4 5013 Embryonic lethal
V3/scid/SX9 XRCC7 8pll-qgll Immune deficiency ¢
180BR LIG4 13g33-g34 Embryonic lethal
Sensitivity to many different agents; 46BR L1G1 19g13 Viable (acute anaemia)
some have DNA single-strand break Bloom'’ s syndrome BLM 15026 Embryonic lethal
repair defect and/or replication defect EM9 XRCC1 19913 Embryonic lethal
irsl XRCC2 7936 Embryonic lethal
irslSF XRCC3 14932 -
uv40 XRCC9(FANCG) 9p13 -
Radiosensitivity inferred from structural - ATR 3022-23 Embryonic lethal
homology of genesto those known to be - hRAD50 5023-31 Embryonic lethal
involved in response to radiation damage - hRAD51 15q Embryonic lethal
in lower organisms - hRAD52 12p13.3 Viable
- hRAD54 1p32 Viable
- hMRE11 11921 Embryonic lethal

XRCC = x-ray cross complementing gene.

Symptoms similar to ataxia telangiectasia (see paragraph 62).
Severe combined immune deficiency.

o0 oTw

2. Mechanisms of enhanced sensitivity
in human disorders

48. Inadditiontobeing radiosengtive, ataxia-telangiectasia
cdl lines show enhanced sensitivity to agents that have in
common an ability to damage DNA moalecules by producing
highly reactive chemical radicals, causing both base damage
and sugar damage, leading to breakage of DNA drands.
Ataxia-telangiectasa cells have been found to be hyper-
endtive to a variety of chemicas that cause such DNA
damage through radical action (bleomycin, neocarzinogtatin,
hydrogen peroxide, streptonigrin, phorbol ester [M5]). Also,
inhibitorsof DNA topoi somerasesthat can trap theseenzymes
during DNA-gtrand passage, leaving open breaks, are more
effective at inducing chromosoma damage and cdll killing in
ataxiatelangiectasiacdlsthan in normal cdls[C1, H7, S11].
Morerecently, ataxia-telangiectasiacell lineshave been found
to be hypersenstive to restriction endonuclesses, these
enzymes produce only double-strand breaksin DNA by direct
enzymatic cutting [C17, L56]. There is dso evidence of
modest chromosomal  hypersengitivity in some ataxia
telangiectasia lines to agents such as UV light, especially
whenirradiated in extended G, phase, possibly because of the
excessve production of bresks when DNA synthesis is
attempted [EL, K4].

49. Experiments varying thetime component either during
or following irradiation have reveded the generd nature of
the defect in ataxiatedlangiectasia cdls. It was shown that
normal cellsheld after irradiation in a non-growing state had

Knockout mice except for XRCC7; (-) indicates no model yet available

some recovery (or sparing) from lethal effects, while ataxia-
telangiectasia cel lines showed little or no sparing [C9, U15,
W2]. More grikingly, irradiation at low doserates, wherethe
same dosewas given over aperiod of daysinstead of minutes
(factor of 500 difference in dose rates) showed a very large
sparing effect on normal cdlsand little or no effect on ataxia-
telangiectasia cells [C10]. These observations are consigtent
with an inability of ataxia-telangiectasia cdlsto recover from
radiation damage, and they also show that the defect cannot
be abrogated smply by alowing more time for damage
restitution.

50. Lack of a sparing effect appears to be typica of a
particular classof radiosengtivecdl lines. Thuslinesthat are
known to have a defect in the repair of DNA double-strand
bresks, for example the xrs series and XR-1, also lack
recovery under irradiation conditions in which their normal
counterparts show alarge sparing effect [S14, T7]. Smilarly,
yeast radiosenstive lines that are unable to rejoin double-
strand breaks, because of a defect in recombination (radso,
rad51, rad52), also lack sparing [R2, R3]. A subgtantial body
of datain yeast supportsthe contention that the double-strand
bresk isthe DNA damage most likely to belethal to cells, and
that its repair is responsible for the recovery seen under
sparing conditions [F3].

51. In contragt to these cdlular studies implicating strand
breskage as the type of DNA damage involved in the ataxia-
telangiectasia defect, it has been difficult to provethat ataxia-
telangiectasia cdlshave abreak-repair defect at themalecular
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levd [M5]. Recently, irradiation at 37°C with low-dose-rate
gamma rays has shown a smal increase in DNA double-
strand breaks following repair ("residual damage") in ataxia-
telangiectasia cdls relative to normal cdls [B9, F10, F16].
However, cytogenetic studies have provided more sati factory
evidence for a bresk-repair defect: a sgnificantly devated
fraction of unrestituted chromosomal breaksremain in ataxia-
telangiectasia cdls after irradiation [C11, T1]. Support for
these findings has been obtained from the measurement of
both DNA double-strand bresks and chromosomal bresks
(using prematurely condensed chromosomes to alow rapid
anayss) after gamma irradiation of norma and ataxia-
telangiectasia lymphoblastoid cdlls at different phases of the
cdl cyde[P5]. A consgtent decreasein the rapid component
of repair wasfound in ataxia-ted angiectasardativetonormal
cdls; this decrease was small and usualy datisticaly non-
significant for DNA double-strand bresks, but larger and
significant for chromosomal bresks. Differences in amounts
of resdual chromosomal damage between normal and ataxia-
telangiectasia cells give a dose, but not exact, approximation
to their relative surviva levels after irradiation [C14, P5].

52. Hamster cdl lines showing strong similarities to
ataxia-telangiectasiahavebeenisolated and their responses
characterized (the irs2 line [J5] and the V-series [Z5]).
These lines are hypersensitive to agents known to cause
DNA breakage, have radioresistant DNA synthesis, and
have no measurable biochemical defect in DNA break
repair [T8, Z6]. It has also been shown that the radiation
sparing effect isabsent in irs2, whileit is present in other
lines that have similar radiosensitivity but do not show
ataxia-telangiectasia-like characteristics (such asirsl and
irs3) [T30].

53. Overdl, these studies strongly support the view that
theincreased sensitivity of ataxia-telangiectasiaandrelated
cell linesto agents such asionizing radiation derivesfrom
an inability to recover from DNA breakage, leading to a
higher level of residual chromosomal damage. However,
the molecular mechanisms leading to radiosensitivity in
this disorder are still not fully understood, despite
considerablerecent progressin defining thefunction of the
ataxia-telangiectasia gene product (see Section 11.A.3).

54. The functional defects in other cancer-prone
disorders have also not been well characterized. Primary
cells from Fanconi's anaemia patients have spontaneous
delay and arrest in the G, phase of growth, aswell as an
increased frequency of chromosomal aberrations[J15] and
recombination [T39]. G, delay and aberration frequency
increases are corrected by lowering the oxygen tension
during growth, leading to the suggestion that reduced
detoxification of oxygen radicalsmay beresponsiblefor the
phenotype [C62, J17]. However, immortalized Fanconi's
anaemia fibroblasts have lost this oxygen effect, showing
that this factor is not a basic (or underlying) defect [$48].
In Bloom's syndrome, the high frequency of sister
chromatid exchanges and specific types of chromosome
aberrations suggested adefect in DNA repair and/or DNA
replication.

3. Analysis of genes determining
radiosensitivity

55. The classfication of radiosenstive disorders and cdl
linesinto genetic groups, followed by mapping and cloning of
the affected genes, has dramatically increased knowledge of
the molecular mechanisms of recovery from DNA damage.
Once the affected gene has been cloned, its sequence may
reveal the nature of the gene product (protein), because of
similarities to known genes. Gene sequence data from at-risk
groups will also alow ddeterious mutations to be identified,
and permit analysisof therole of thesegenesin disorderssuch
as cancer. Manipulation and expression of the gene under
defined experimental conditionsallow specific functionsto be
sudied in celsand in animals. Animal modd s of the human
disorder can be created by replacing the normal pair of genes
with defective copies (a knockout animal; see paragraph 46)
and assessing the resulting phenotype.

56. Gendic dasdfication of the ataxiatdangiectasa dis-
rder initially indicated that severd different genetic groups
might exigt [C3, J2], but mapping and doning of a gene
(ATM) found to be mutated in patients has cast doubt on this
designation. The genetic mapping data, based on ataxia-
telangiectasia family studies, mostly placed the affected gene
into one chromosomal region, 11g23.1 [G2, Z2]. Positiond
cloning procedures in this region led to the identification of
the ATM gene, which has homology to a gene family
encoding PI-3 kinases [B31, S24, S25]. The PI-3 kinase
family contains a number of large proteins involved in cdl-
cycle checkpoaints, the regulation of chromosome-end length,
and DNA break repair, including site-specific recombination
(see Section 11.B.2). It istherefore likdy that ATM and other
membersof thisfamily areinvolved in the detection of certain
types of DNA alterations and may coordinate response by
signalling these changes to other regulatory moleculesin the
cdl [38, K3, S25, T29).

57. Analyss of mutations in the ATM gene of ataxia
tel angi ectasia patients showed that themajority are compound
heterozygotes (i.e. themutationsin thetwo gene copiesderive
from independent events) and that these commonly lead toan
inactive, truncated protein [G19, M30]. However, individuals
from 10 families in the United Kingdom with less severe
symptoms (paragraph 42) al have the same mutation in one
copy of ATM (a 137-bp insertion caused by a point mutation
in a glice Ste) but differ in the mutation in the other gene
copy. The less severe phenotype appears to arise from alow
levd of production of norma protein from the insertion-
containing gene copy. Two morefamilieswith thislesssevere
phenotype have mutations leading to the production of an
atered but full-length protein, again suggesting that the
severity of the symptomsin ataxia-tdangiectasais linked to
the genatype of the individual [L41, M30]. However, it is
possible that individuals with ess severe symptoms have an
increased risk of devel oping speific typesof cancer [S78] (see
aso paragraph 139).

58. A further two families presenting with many of the
symptoms of ataxia-telangiectasia (paragraph 39) but
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without dilated ocular blood vessds failed to show
mutationsin the ATM gene. The cellular characteristics of
family members, such as radiation sensitivity and DNA-
synthesis delay (paragraph 40), were mostly intermediate
between thoseof classical ataxia-tel angiectasiapatientsand
normal individuals. Examination of other genesimplicated
intherepair of DNA double-strand breaksreveal ed that the
human homologue of the yeast MRE11 gene (paragraph
74) was mutated in these families[S82].

59. A rareform of leukaemia, sporadic T-cdl prolympho-
oytic leukaemia (T-PLL), shows a high frequency of ATM
mutations, although some of the changes identified in the
ATM gene were rearrangements, most mutations in T-PLL
were sngle DNA base-pair changes in the kinase region of
the ATM geneand did not leed to protein truncation [ V5, Y §].
Thisfinding has prompted the suggestion that the ATM gene
actsas atumour suppressor in cdlsthat may develop T-PLL.
Thereis no evidence for an involvement of the ATM genein
T-cel lymphoblagtic leukaemias [L58], but in B-cell chronic
lymphocytic leukaemia (B-CLL), 34%-40% of tumour
samples showed about 50% reduction in levels of ATM
protein [S70, S76]. ATM mutations were detected in the
tumours of 6 out of 32 patients (18%); aso 2 of these 6
patients had mutationsin both tumour and normal cell DNA,
indicating that they were carriers of an ATM gene defect (i€,
they inherited a mutation in one copy of the ATM gene; see
paragraph 137 et seq.) [S76]. Similar resultswereobtained in
asgparate study [B62], and athough they are based at present
on small samples, the data suggest that the frequency of ATM
mutations in the normal cdls of patients developing B-CLL
may be much higher than in the general population [B62,
S76]. Patients with ATM deficiency also had significantly
shorter survival times [S70].

60. Study of the ATM protein has shown that it has a
nuclear location and is expressed in many different human
tissues. Additionally, ATM protein does not increase in
amount in responseto cdl irradiation, consistent with theidea
that it is part of a DNA-damage-detection system rather than
being regulated in responseto DNA damage[L41]. However,
the ATM protein does associate with DNA, and this
interaction increases when the DNA isirradiated [S77]. The
ATM genehasacomplex sructurewith multipletranscription
gtart Stes, leading to messenger RNAs of different length and
predicted secondary dructure. This multiplicity of ATM
transcripts may alow cellsto modulate ATM protein levelsin
response to dterations in environmental signals or cdlular
metabolism [$40].

61. |Initidly it was aso suggested that the Nijmegen
breskage syndrome involves more than one genetic group
[J1], but recent evidence showsthat only one geneisinvolved
[M41] and that this gene maps to chromosome 8921 [M41,
S59]. These data support dinical findings (paragraph 41)
showing that the Nijmegen breakage syndrome is a separate
radiosngtivedisorder, distinct from ataxia-telangiectasia. The
cloning of the gene (NBSL) mutated in this syndrome has
confirmed this (paragraph 74), with the majority of patients
carrying small ddetionsin this gene[M45, V6].

62. Knockout micethat lack afunctional homologue of the
ataxia-tel angiectasiagene (Atm) have recently been bred; they
show many of the symptoms of the human disorder, but aso
give further ingghts into the action of this gene [B33, E9,
X3]. For example, the Atm knockout mice are viable but
growth-retarded and infertile. They are dso very sensitive to
acute gamma radiation; at a whole-body dose of 4 Gy, about
twothirds of the Atmknockout micedied after 5-7 days, while
normal and heterozygous mice remained without morbidity
after two months [B33]. Primary cells derived from the Atm
knockout mice also show many of the characteristic festures
of cdls from aaxiatdangiectasa patients [X4]. The cdls
grow poorly, are hypersensitive to gammaradiation, and fail
to undergo arrest of the cdl cycle following irradiation (see
aso paragraph 102). The Atm gene product was found to
locatetohomol ogouschromosomesasthey associ ate (synapse)
at meiosisin germ cells[K27]; lossof fertility in the knockout
mice results from failure of meiossdueto abnormal synapss
and subsequent chromosome fragmentation [X3]. Immune
defects occur in these mice, and the mgjority develop thymic
lymphomas and die before four months. Based on the
understanding to date of the defective response to DNA
breskage in ataxiatdangiectasia, the meictic failure and
immune defectsin these mice could both relateto an inability
torespond to“ programmed” DNA double-strand bresks(ste-
specific breaks that occur in the course of norma cdlular
processes). Such breaks arethought to beessentia in meiosis,
to drive the process of meatic recombination, and they are
required for V(D)J recombination in immune system
devel opment (see paragraph 82).

63. Unlikeinthehuman disorder, no evidencewasfound
of gross cerebellar degeneration in Atm knockout mice
aged 1-4 months, but it is possible that the animals are
dying too early for this symptom to be revealed [B33, X4].
However, behavioural tests indicated some impairment of
cerebd lar function [B33], and detailed studies of thebrain
in these animal's showed that Atm deficiency can severely
affect dopaminergic neuronsin the central nervous system
[E14]. Thereis an amost complete absence of radiation-
induced apoptotic cell death (Section 11.B.3) in the
devel oping centra nervous system of Atm-deficient mice,
while the thymus shows normal levels of apoptosis after
irradiation [H48]. Additionally, elevated | evel sof oxidative
damage wererecorded in mousetissues affected by theloss
of ATM, especially the cerebellum [B63].

64. In yeast cdls, the closest sequence homologue to the
ATM gene product isthe Tel1 protein; mutationsin the TEL1
gene are associated with shortened chromosome  ends
(tlomeres) and genetic ingtability (three- to fourfold
increasad levels of mitotic recombination and chromosome
loss) [G22]. It has been known for many years that
chromosomes in ataxia-tedangiectasa cdls show a reatively
high incidence of tedlomere fusions, and recent studies have
shown that prdeukaemic cdls from ataxiateangiectasa
patients have an increased rate of tdomere loss [M29]. This
loss may contribute to chromosoma ingability [R40].
However, asyet the relationship between thetdomere fusons
and tumorigenesis in ataxiatelangiectasa is not dear.
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Interestingly, loss of the TEL1 gene does not lead to x- or
gamma-ray sengtivity [G22, M31], but the combined loss of
TEL1 and ancther genein the samefamily (ESRUMECT,; see
next paragraph) gives extreme sengtivity to gamma rays,
suggesting that these two genes may functionally overlap in
protecting the cdl againg radiation damage[M31]. In fission
yeas,, following prolonged growth, loss of these two genesled
to dircular chromosomes lacking telomeric sequences [N26].

65. A further member of the human PI-3 kinase family,
related to ATM, hasbeen found through homol ogy searches
[B32, C38]. The gene (named ATR or FRP1) encodes a
protein that ismost closely similar to the fission yeast rad3
gene product, which isitself structurally and functionally
related to the budding yeast ESRI/MECL and the fruit fly
mei-41 gene products. Mutationsin these genesrender the
yeast or flies sengitive to killing by both ionizing and UV
radiation, and areknown to play important rolesin mitotic
and meiatic cell-cycle controls. Expression of an inactive
form of ATR at ahigh level in human fibroblastsincreased
radiation sensitivity by a factor of 2-3 and abrogated
radiation-induced G, arrest (see paragraph 108). Addi-
tionally, cels with defective ATR develop abnormal
nuclear morphologies, which may indicate further cell-
cycle perturbations [C48, W50]. The ATR gene product is
expressed at a high level in germinal tissue and localizes
along unsynapsed meiotic chromosomes [K27], thereby
playing arole that is complementary to that of the ATM
gene product (paragraph 62). Thus in addition to their
rolesin mitotic cells, ATM and ATR gene products may be
involved in the co-ordination of meiotic chromosome
synapsis, perhaps by signalling breaks and monitoring
repair synthesis to guard against genetic instability.

66. Some other genes affecting radiosensitivity in
humans have al so been mapped and cloned. Following the
cloning of the human DNA ligase| gene, it was discovered
that thiswas defective in a uniqueindividua with growth
retardation, immunological abnormalities, and cellular
sensitivity toavariety of DNA-damaging agents, including
radiation [B5]. The genes for other human DNA ligases
have al so been cloned using homol ogy searches or protein
purification [C31, W19], and subsequently another unique
radiosensitiveindividual withimpairment of double-strand
break rgjoining (described in paragraph 43) was found to
be defective in DNA ligase IV [R38]. It has been
established in yeast and mammalian cellsthat DNA ligase
IV isspecifically involved in the repair of DNA breaks by
non-homologous end joining (Section 11.B.1) [S64, T40,
W46]. DNA ligase Il has been implicated in the base-
excision repair pathway (see paragraph 78).

67. Bloom'ssyndrome patientsof different ethnicorigins
(Ashkenasi Jewish, French-Canadian, Mennonite, and
Japanese) werefound by cell fusion analysistofall intoone
genetic group [W36]. The gene defective in Bloom's
syndrome (named BLM) has been positionally cloned and
shown to be similar to the bacterial RecQ helicase, atype
of enzyme that opens up the DNA heix and is associated
with genetic recombination in bacteria [E6, K39].

Knocking out the gene homologousto BLM in miceresults
in embryonic growth retardation and lethality, apparently
because of awave of increased apoptotic death [C61]. The
yeast homologue of the BLM gene product interacts with
DNA topoi somerase enzymes, known to berequired for the
resolution of interlocking DNA molecules following
replication. In the absence of the BLM gene product, it is
suggested that replicated DNA (in mitosis or meiosis) is
entangled and may give riseto sister-chromatid exchange
and chromosomal non-digunction [W35]. Support for this
idea comes from studies with the fission yeast, where the
recQ helicase is required for the recovery from cell-cycle
arrest during DNA replication following DNA damage;
absence of therecQ helicaseleadsto an increasein therate
of genetic recombination [S60].

68. Cells derived from Fanconi's anaemia patients have
been classified into eight genetic groups [J16, J19, $46],
consistent with the heterogeneity of symptoms found
(paragraph 45). To date, three of these genes have been
mapped, FANCA to chromosome 1624 [G21, P20],
FANCC to 922 [$46], and FANCD to 3p22-26 [W37].
The FANCA and FANCC genes have now been cloned
[F9, L43, $47]; these gene sequences predict proteins that
are structurally different from each other and from other
known proteins. Mutations of the FANCA gene were
analysed in 97 patients from different ethnic groups with
Fanconi'sanaemia; themajority of mutationsdetected were
either DNA base-pair alterations or small deletions and
insertions scattered throughout the gene, with a smaller
number of largede etions[L49]. The FANCC gene product
is a cytoplasmic protein [Y7], but it interacts with the
FANCA gene product, and the complex translocatesto the
nucleus[K40]. Whilethisnuclear localization isconsistent
with apossiblerolein DNA repair, the precise function of
these gene products remains unclear. FANCC also has
binding sites for the p53 tumour suppressor protein
(paragraph 100), and binding of p53 to the gene can
regulate its expression [L46].

69. Oneof themorerecently identified genetic groups of
Fanconi’ s anaemia, FA-G, has been found to be caused by
mutation of a previoudy-identified gene, XRCC9 [D18].
This gene was identified by the complementation of a
rodent cell line sensitive to a variety of DNA-damaging
agents including a twofold enhanced sensitivity to x rays,
and is potentialy involved in post-replication repair of
DNA [L59] (Table 2).

70. Human genes implicated in the repair of radiation-
induced DNA damage have also been cloned by ther
structural homology to genes involved in specific repair
pathways in lower organisms. For example, it is known
that themain pathway for therepair of DNA double-strand
breaks in lower organisms involves homologous recom-
bination (paragraph 30); in budding yeast, the genes
responsible are RAD50, RAD51, RAD52, RAD53, RAD54,
RADS5, RAD57, MRE11, and XRS2 (cften called the
RAD52 group of genes). Mutations in these genes render
the yeast cedls defective in mitotic and/or meiotic



ANNEX F: DNA REPAIR AND MUTAGENESIS 15

recombination and sensitivetoionizing radiation. At least
some of the products of these genes act together in amulti-
protein complex to effect recombination [H27, J14, U18].
In yeast, functional relationships have also been found
between proteins of the PI-3 kinase family and some of the
Rad52 group proteins. For example, the activity of the
RAD53 gene product, another protein kinase, isregulated
by both ESR1/MEC1 and TEL1 gene products, suggesting
that the Rad53 protein acts as a signal transducer in the
DNA damage response pathway downstream of these
ATM-likeproteins[$43]. Sequencesimilaritieshaveledto
the cloning of human homologues of some of the yeast
RAD52 gene group: hRAD50 [D16], hRAD51 [S10, Y6,
hRADS52 [M 10, $44], hRAD54 [K 28], and hMRE11 [P22].
Preliminary evidence hasbeen obtained fromtheir abilities
to partially correct the defects in radiosensitive yeast cell
linesthat some of these genes, or their mouse homol ogues,
areinvolvedintherepair of radiation damage [K28, M37].
Further, knocking out the RAD54 genein both thefruit fly
[K41] and mouse [E12] confersradiation sensitivity and a
defect in homologous recombination. There is also
evidence for regulated expression of these recombination
proteins through the cell cycle, with levels of RAD51 and
RAD52 increasing during the S phase and peaking in G,
in human and rodent cells [C5].

71. The human RAD51 gene product has been shown to
bind DNA and thereby underwind the double helix, an
early step in the recombination process [B34]. The RAD51
genein yeast isnot essential for cell survival, but recently
the homologous gene has been knocked out in mice and
surprisingly was found to give embryonic lethality [L42,
T34]. Knockout embryos arrested early in development but
progressed further if there was dso a mutation in the gene
encoding thetumour suppressor p53 (TP53), possibly because
of areduction in programmed cdll degth (see paragraph 112).
This may suggest that RAD51 in mammals has functionsin
addition to recombination and repair, and in a separate study
thehuman RAD51 protein has been shown todirectly interact
with p53 [$45]. Céls from the mouse Rad51 knockout were
hypersensitiveto gammarays, although this response has not
been quantified, and show chromosome loss in mitatic cells
[L42]. In mitatic cells, the mouse RAD51 protein isfound to
concentrate in multiple foc within the nucleus at the DNA-
synthesis (S) phase of the cdl cyde [T37]. In meatic cels,
RAD5L is found on synapsing chromaosomes and disappears
shortly after thisstage[P23], but this pattern of localization of
RAD5L isdisrupted in Atm-deficient mice [B47].

72. The pattern of celular localization found for the
RAD5L1 protein has also been found for the product of a
gene commonly mutated in familial breast and ovarian
cancer patients, BRCAL; subsequently, RAD51 and
BRCAL proteins were shown to interact directly [S51].
Brcal-deficient mouse cells show a modest increase in
sensitivity to ionizing radiation and have a reduced
capacity to repair base damage in transcribing DNA
(transcription-coupled repair, paragraph 28) [G34]. In
human BRCAL-deficient cells, increased sensitivity to cell
killing by gammaraysand reduced repair of DNA double-

strand breaks can be partially corrected by introduction of
thenormal gene, while mutant BRCAlgenesfail torestore
these defects[S86]. A product of a second gene associ ated
with familial breast cancer susceptibility, BRCA2, has
similarly been shown to interact with RAD51 [M42, S61],
aswell aswith p53 [M46]. BRCAL and BRCA2 are highly
expressed in rapidly proliferating cells, with expression
highest at the start of S phase of the cell cycle [R23].
Analysis of mutationsin the BRCA genes has shown that
families with a high proportion of breast cancer tend to
have mutationsin different parts of the gene from families
having a predisposition to ovarian cancer [G37, G38].
Despite their importance in cancer predisposition, the
mol ecular function of the BRCA genesisunknown, and the
finding of interaction with RAD51 provided the first clue
that their role may be in DNA repair. As noted in
paragraph 62, the ATM protein also has a specific pattern
of localization to meiotic chromosomes, and loss of ATM
can disrupt the localization pattern of RAD51. Thus,
through their connectionswith RAD51, these data provide
for thefirst time a mechanistic link between four different
genes involved in cancer susceptibility (ATM, TP53,
BRCA1, and BRCA2).

73.  Micehavebeen bred with aknockout of the Brcal gene
or the Brca2 gene; like Rad51 knockout mice, they were both
found to arrest early in embryonic development [H40, L50,
S61]. However, viable mice have been bred with a mutation
in Brcal or Brca2 that does not completdly inactivate the
gene. A conditional ddetion of the Brcal gene in mice,
confining the defect to the mammary glands, gave a low
frequency of mammary tumour formation with long latency
(seedso paragraph 106) [X7]. Embryonic fibroblasts derived
from Brcal-deficient miceproliferatepoorly and show genetic
ingtability [X8] and a reduction in the frequency of homo-
logous recombination [M50]. About one third of the Brca2-
deficient mice survived to adulthood but showed small size,
poor tissue differentiation, absence of germ cdls and
devel opment of thymic lymphomas[C59]. Cells derived from
viable Brca2-defective mice proliferate poorly, apparently as
aresult of spontaneoudy high levels of p53 and p21, causing
cdl-cycle arrest (see paragraph 100) [C59, P32]. Thee cdlls
accumulate high levels of chromosomal aberrationsand show
enhanced sensitivity to DNA-damaging agents, including
X rays[M48, P32]. The evidencelinking the BRCA genesto
DNA repair processes suggests that they may not function as
tumour suppressors but are involved in the maintenance of
genome integrity.

74. The yeast RAD50, MREL1, and XR2 gene products
assemble into a multi-protein complex that is implicated in
the processing of broken DNA, as wdl as in a number of
other functions, including meioticrecombination andtelomere
maintenance [H46]. Thismultiplicity of rolesfor the complex
may arise from its nudease activities on both single- and
doublesranded DNA ends that trim up the DNA in
preparation for end-joining and homologous recombination
processes. Human gene products with similar functions have
been identified (paragraph 70); significantly, thegenemutated
in the Nijmegen breakage syndrome (NBSL) has been found
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to be the functional homologue of XRS2 (paragraphs 41 and
61) [C54, M45, V6], and individuds with a variant form of
ataxia-tel angiectasi ahave mutationsin the human homologue
of MRE11 (paragraphs 42 and 58) [S82]. The NBSL gene
product containsmoatifsthat are commonly present in proteins
involved in cdll-cycle regulation and DNA-damage response,
suggesting that like ATM, this gene has a role in the
signalling mechanism following damageto DNA by ionizing
radiation. Study of the purified protein shows that DNA
unwinding and nudease activities of RADS0/MRELL are
promoted by the presenceof NBS1[P34]. Thehuman RAD50
and MRE11 proteins co-localize in cdl nude following
ionizing radiation damage (but not after UV irradiation); their
Stes of localization were digtinct from those of the RAD51
protein, consistent with their different rolesin DNA repair
[D17]. Co-locdlization of MRE11/RADS50 proteinswas much
reduced in ataxiatdangiectasa cdls, suggesting that ATM
gene signalling is important for the assembly of the bresk-
rgoin complex [M28]. Additionally, theBRCA1 protein has
been shown to colocalize and interact with RADS0, and
radiation-induced sites of localization including MRE11,
RAD50 and NBS1 proteins were much reduced in breast-
cancer cdlslacking BRCAL [Z12].

75.  Human genes encoding enzymes responsible for the
repair of the numerous forms of base damage caused by
DNA-damaging agents, including ionizing radiation, are
also being discovered [L69, $49]. A number of key
enzymes (DNA glycosylases, endonucleases) in the base-
excision repair pathway have been isolated by biochemical
purification, followed by protein sequencing and gene
identification, or through their homologies to known
enzymes in lower organisms. For example, the hOGG1
glycosylase [R41] removes 8-oxoguanine opposite a
cytosine (paragraph 24), while the hNTH1 glycosylase
[A28] removes oxidized pyrimidines such as thymine
glycol (paragraph 17). Thepathway of base-excision repair
that results in the incorporation of a single nuclectide
(“short-patch repair”) has been reconstituted under cell-
free conditions, using purified enzymes [K24].
Additionally, a second “long-patch repair” pathway has
been identified, in which between two and six nucleotides
arereplaced following repair of areduced or oxidized base-
less site; this pathway also requires the structure-specific
nuclease DNase |V (also known as FEN1) to remove the
displaced nucleotides during repair [K42]. The
reconstitution of base-excision repair of oxidized
pyrimidinesin DNA hasrevealed that hNTH1 glycosylase
is strongly stimulated by one of the proteins involved in
nucl eotide-excision repair, X PG (xerodermapigmentosum
group G protein). The XPG protein binds to non-paired
regions of DNA, and acts as a structure-specific nuclease
where the unpaired region is greater than five base pairs,
aswill happen at sites of bulky damage. However, at sites
of oxidative base damageit seemsthat theunpaired region
islessthan five base pairs, and instead of cutting DNA the
XPG protein promotes the activity of the hNTHL1 in
removing the base damage [K46]. These findings may
explain the extreme symptoms of some patients lacking
XPG, including growth failure and neurologica

dysfunction, and the early death of mice carrying a
knockout of the Xpg gene [H51] (while mice that are
totally defective for nucleotide-excision repair such as
those defective in Xpa are viable [N27]).

76. The main endonudease involved in the repair of base-
less gtes (Figure 1a) in human cells, known varioudy as
HAPL, APE, APEX, o Ref-1, was coned in severd
laboratoriesfollowing biochemical purification and wasfound
to have a surprising additional function when compared with
the bacterial enzyme. It simulates the DNA-binding activity
of transcription factorsinvolved in sgnal transduction such as
Fos, Jun, NF«B, and p53 by reduction/oxidation mechanisms
[X5]. Signalling and repair responses to oxidative damage
may therefore be coordinated through this one enzyme; this
may be especially important during tissue proliferation, since
Ref-1 knockout micedieduring embryonic devel opment [ X6].
Knockout mice have been produced for several other genesin
the base-excison pathways, and a number of these have dso
proved to be embryonic-lethal, showing their importance for
the normal functioning of cells and tissues [W45]. However,
a knockout mouse for the broad-specificity glycosylase 3-
methyladenine-DNA glycosylase || was recently shown to be
viable[E13], possi bly because of itsmode of action (paragraph
23) andthelikelihood that other morespecialized glycosylases
can subgtitute for it in removing damaged bases.

77. Theabundant enzymepoly(ADP-ribose) polymerase,
also known as PARP, israpidly recruited to sites of DNA
breakage following irradiation, where PARP transiently
synthesizeslong, branched chains of poly(ADP-ribose) on
itself and other cdlular proteins. These chains are
degraded by another enzyme, poly(ADP-ribose)
glycohydrolase, with ahalf-life of only afew minutes. The
role of PARPin responseto DNA damage, which haslong
been in dispute [C49], has been clarified from recent
experiments in which the Parp gene was knocked out in
mice [M9]. These mice are viable and fertile, although
adult size is smaller than average and litter sizes are
smaller than for normal mice. Following whole-body
irradiation (8 Gy gamma rays), the Parp knockout mice
died much more rapidly than norma mice from acute
radiation toxicity to the small intestine; the survival half-
time of these irradiated PARP-deficient mice was
comparable to that of irradiated Atm knockout mice
(paragraph 62). PARP-deficient cells or cellsin which a
mutated PARP is expressed [S63], show increases in
chromosomal aberrations, sister-chromatid exchanges, and
apoptosis following DNA damage. The average length of
telomeresissignificantly shorter in PARP-deficient mouse
cells, leading to an increased frequency of chromosomal
fusions and other aberrations [D21]. Recent biochemical
data suggest that PARP has an important function as a
molecular sensor of DNA breaks, especially single-strand
breaks, and its absence reduces the efficiency of base-
excisionrepair [O4]. In addition, it hasbeen suggested that
the synthesis of poly(ADP-ribose) chains causes negative-
charge repulsion of damaged DNA strands, preventing
accidental recombination between homol ogous sequences
[S62].
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78. To date, studies with radiosensitive mammalian lines
haveidentified morethan eght genetic groups[J3, T9, Z13].
The genes responsible have provisonaly been named the
XRCC (for X-Ray Cross-Complementing) group, despite the
fact that some of the cdl lines are not primarily sensitive to
X rays. The human gene corresponding to the first group,
XRCC1, has been doned and encodes a protein interacting
with DNA ligase Il [C2]. Further, the XRCC1 protein has
been shown to associate with DNA polymerase f [C39, K29],
which fills in the gaps created during the repair of damaged
bases. It is suggested that XRCC1 may act as a scaffold
protein in the final steps of base-excison repair (Figure 1a),
supporting the activity of DNA polymerasef and DNA ligase
11 [K29]. The XRCC2 gene[C66, L65, T35] and the XRCC3
gene [L65]have been cloned recently, and both genes have
structura homology to the yeast and human RAD51 genes
[T47]; itislikely, therefore that they areinvolved in repair of
damage by homologous recombination. Other human genes
recently cloned usng mammalian cdl lines(XRCC4, XRCCS5,
XRCC7) areinvolved in therepair of radiation-induced DNA
doublegsrand bresks as wel as in immune gene
recombination, as detailed below (Section 11.B.1). Current
mapping data place dl of the remaining genes on different
chromosomes, and none mapsto thelocation of characterized
radiosensitive human syndromes (Table 2).

4. Summary

79. Severa radiosenstivehuman disordersand examplesof
individual radiosenstivity have been identified in recent
years. The sengitivity in these individuals is characterized by
a greatly increased susceptibility to cancer, dthough this
cancer is not necessarily radiation-induced. Many radiosen-
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stive lines of cultured cdls have also been established, and
these have been useful for identifying the genesinvolved and
for functional studies. In generd, it has been found that
enhanced sensitivity arises from an inability to recover from
DNA damage, because of a reduction in damage detection
and/or repair processes. Reduction of repair capacity
commonly leads to a lack of low-dose-rate sparing and a
higher level of genetic changes.

80. Condderable progress has recently been made in
defining repair gene functions in human and other
mammalian cdls, and a summary of wel-defined repair
pathwaysfor damageby ionizing radiation isshown in Figure
[11. A number of important genes have been cloned, including
the gene ATM, which determines sensitivity in the ataxia-
telangiectasia disorder. Studies with the ATM gene product
and the production of mice defective for the gene suggest that
it participates in the detection of DNA double-strand breaks
and passes this information on to other important molecules
regulating cdlular response processes. Other  recently
discovered genes act directly in the repair of radiation
damage; for example, the RAD51 geneis vital for repair by
homologous recombination. The RAD51 gene product has
also been found to interact with products of the breast-cancer
susceptibility genes, BRCAL and BRCA2, suggesting an
unsuspected role for these genes in damage recovery. In
accordance with this finding, mice defective for the BRCA
genes have symptoms very similar to Rad51-defective mice,
and the Brca2-defective mice are radiation-senstive
Additionally, somerepair geneswhen knocked out inanimals
give embryonic lethdlity, showing that these genes have
important rolesin basic cdlular processes influencing tissue
devel opment.
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Figure lll. Important genes in DNA repair pathways in human cells following damage by ionizing radiation.

Some of the important genes identified in each pathway are shown (the h prefix indicates a human homologue of a yeast
gene); names of proteins are shown in brackets if different from the gene names. The BRCA genes and the PARP gene
(square brackets) have speculative roles in recombination repair and base-excision repair, respectively. Pathways that can

lead to mutation are indicated.
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81. The conservation of repair genes from lower to higher
organismsand progressin understanding the human genome
suggest that further rapid progress will be made in the
discovery and analysis of genes influencing radiation
sengtivity. These genes will be important tools in under-
standing the extent of variation in radiation sengtivity in the
human population and should help to identify individuals

especialy at risk.

B. RELATIONSHIP BETWEEN REPAIR AND
OTHER CELL REGULATORY PROCESSES

1. Radiosensitivity and defective
recombination in the immune system:
non-homologous end joining of DNA double-
strand breaks

82. It has been noted that radiosengtive disorders are often
associ ated with some degree of immunedeficiency. Therecent
discovery that the scid (severe combined immune-deficient)
mouse drain is radiosensitive has led to a reexamination of
this relationship and to rapid progress in understanding at
least one mechanism of DNA-bresk rgoining. In theimmune
system, functional immunoglobulin and T-cdll receptor genes
areassambled from separate genetic regionsduring lymphoid
differentiation [A5]. The separate regions (termed "V" for
variable, "D" for diversity, and "J' for joining) involved in
this type of ste-specific recombination are flanked by
recognition (signal) sequences at which double-strand DNA
breakage occurs prior to the rgjoining of the regions. Mice
homozygousfor the scid mutation lack functiona T-cdlsand
B-cdlls because of a defect in V(D)J recombination [H8, L9,
and about 15% of the mice devel op lymphomas [C50]. It was
shown that fibroblastsderived from homozygousscid miceare
three to four times as sengtive as norma mice to x rays or
gammaraysand haveareduced ability torepair DNA double-
strand bresks [B8, H10]. Mice heterozygous for the scid
mutation also show someincreased sendtivity togammarays,
compared to normal mice, and cultured bone marrow cdls
from scid heterozygotes are marginally more radiosenstive
than normal cells[K45]. Detailed studiesof repair capacity in
scid cdls show that the rate of repair of double-strand breaks
is reduced by a factor of about 5, but if sufficient time is
alowed (24 h) thefind levdsof repair are Smilar to those of
normal cells [N20]. Subsequently, similar tests on severa

radiosengitive mammalian lines derived from cultured cdls
showed that those with large defects in double-strand break
repair are also defective in V(D)J recombination, while
radiosenstivelines, induding ataxia-td angiectasacdls, with
near-normal double-strand bresk repair are not V(D)JF
recombination-deficient (Table 2) [H12, K25, P6, T4, T11].

83. At least four different gene products are common to
V(D)Jrecombination and repair of radiati on-induced DNA
breaks; three of these products are defined by their
respective rodent sensitive lines: xrs, scid/V3, and XR-
1/M10 (Table 2). Recently there has been a breakthrough
in identifying the genes and gene products complementing

the defectsin theselines, to definearepair pathway termed
non-homologous end joining (paragraph 31). The xrs
complementing gene (also known as XRCC5) codes for a
subunit of the Ku antigen (p86), a DNA end-binding
protein discovered in normal human cellsthat reacted with
sera from patientswith certain autoimmune diseases[T5].
Thescid/V 3 protein (XRCC7 geneproduct) hasbeen found
to be the catalytic subunit of a large DNA-dependent
protein kinase, also known as p460, belonging to the PI-3
kinasefamily and related to the ataxia-tel angiectasia gene
product (see paragraph 56) [H17]. TheKu antigen consists
of two subunits, p70 and p86, which interact to form a
dimer; thisdimer bindsto broken ends of DNA, recruiting
the p460 subunit and conferring kinase activity on the
complex [G7]. The DNA-dependent protein kinase has
been shown to phosphorylate a number of substrates in
vitro, including the p53 tumour suppressor and RNA
polymerase Il [A4], but it is not clear whether these
constitute important targets in vivo. The most recently
cloned gene of this series, the human XRCC4 gene
complementing the XR-1line, encodesaprotein unrelated
to any other yet described [L30]. Functional studies of the
XRCC4 protein show that it is a nuclear phosphoprotein
that isa substratein vitro for the DNA-dependent protein
kinase and that it associates with the recently discovered
DNA ligase IV [C51, G30]. This discovery suggests that
XRCC4 acts as a go-between in the assembly of a DNA-
break repair complex in which the final step is mediated
DNA ligase IV (paragraph 66). Experiments using cell
extracts show that the rejoining of breaks by mammalian
DNA ligases is stimulated by purified Ku86 protein,
especially when the break ends cohere poorly [R24]. This
observation suggests that Ku86 may function to stimulate
ligation, perhaps through its ability to bridge the gap
between broken ends. However, the precise mode of action
of these proteins in promoting the repair of DNA double-
strand breaks (and presumably in initiating a coordinated
response through kinase action on relevant proteins) is
presently under intensive study.

84. Thedifferent subunits of the DNA-dependent protein
kinase are not induced following x irradiation [J22]. How-
ever, the gene encoding Ku86 in primates (but not in rodents)
can be expressed in aform that has been found to respond to
radiation damage. In thisform the genegivesrisetoardated
protein, termed KARP-1, which includes a p53 binding ste
[M43], and the RNA transcript and protein wereincreased by
a factor of up to 6 at 90 min following x-ray irradiation.
Interestingly, thisinduction did not occur in cdls defectivein
ether p53 or ATM, suggesting that at least some of the non-
homol ogousend joining isactivated through interactionswith
p53 and ATM signalling processes [M44].

85. Sequencing the entire gene encoding the p460 kinase
from scid cells showed that a single DNA base dteration
leads to a premature stop codon in the highly conserved
terminal region of thegene[A20], as other datahad predicted
[B37, D11]. This mutation gives a protein truncated by 83
amino acids in scid cdls, leading to a partid abadlition of
kinase activity. Mutationsin thisgene have subsequently been
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found in other radiation-sensitive lines of cultured cdls; for
example, the SX9 line (Table 2) has a mutation giving riseto
asingleamino-acid subgtitution at a position beforethat of the
scid mutation, and leads to a more severe phenotype than the
scid mutation [F25]. The partid loss of activity in scid [A19,
B38, C52, P26] may explain another surprising phenomenon,
whereby sublethal irradiation of scid mice can transently
rescue V(D)J recombination [D12]. While the mechanism of
thisrescueistill unknown, it suggeststhat p460in scid isnot
completely inactive.

86. The importance of the catalytic subunit of DNA-
dependent protein kinase in the development of T-cdls and
B-cdls and in protecting animals againgt cancer has been
illustrated by the chance finding of transgenic micein which
the Xrcc7 gene was knocked out [J20]. These mice, named
dip, showed alack of mature lymphocytes, but most remark-
ably all animalsdied within 5-6 monthsfrom thymic lympho-
blagtic lymphomas. No tumours of B-cell or mydoid linkage
were found, suggesting that Xrcc7 acts as a tumour sup-
pressor of the T-cdl lineage. Treatment of scid mice with
gamma rays (1 Gy) a 24-48 h after birth led to 86%
developing T-cell lymphomawith very short latency, with no
other tumour type observed [G35]. Further, mice having both
the scid defect and a knockout of the Parp gene (paragraph
77) asodeved op very highleve sof T-cdll lymphoma, suggest-
ing that the carcinogenic effects of a partial defect in double-
strand break rejoining is exacerbated by areduction in repair
capacity for other types of DNA damage [M6].

87. The assessment of radiation sengitivity of different
tissues has shown that epithelial cells of the intestine and
kidney in scid mice show amuch greater radiosensitization
than bone marrow cells from the same animal's, compared
to the relative sensitivity of these cellsin normal animals
[H28]. However, theadditional sensitivity of scid epithelial
cellseffectively made these cells similar in overall sensiti-
vity to scid marrow cells (e.g. at a dose of 2 Gy), since
normal epithelial cellsaremoreradioresistant than normal
marrow cells. Irradiation of epithelial cellsat low doserate
(16 mGy min™) altered the survival of scid cells much less
than it did for normal cells[H28], asexpected for thistype
of radiosensitive cell line (see paragraphs 49-50).

88. Inaddition to the scid mouse as a mode of defective
DNA double-strand break repair, knockout mice for the
gene encoding Ku86 have been created [N21, Z9]. These
mice wei gh 40%-60% less than normal mice, and further
weight loss occurred when newborn mice were gamma-
irradiated at whole-body doses in excess of 0.25 Gy.
Survival of Ku86-deficient mice irradiated at 2-4 months
old with gamma rays was also compromised; doses of 3-
4 Gy caused 50% mortality in two weeks. Ku86-deficient
mice given 2 Gy gamma rays survived for up to 12 weeks
but unlike normal mice showed severehair losswithin one
month post-irradiation. Examination of tissuesat four days
post-irradiation showed severe injury to the Gl tract at
much lower doses than for the normal mice, along with
atrophy of lymphoid organs [N21]. In these mice it was
found that T- and B-cell development was arrested at an

early stage, as in scid mice. The Ku70 subunit has been
knocked out in mouse embryonic stem cells, and thesecells
are sensitiveto gammarays. Asmight be expected, Ku70-
deficient cells are defective in DNA end-binding activity
and in V(D)J recombination [G31]. Ku70-deficient mice
have similar growth reduction and radiation sensitivity to
Ku86-defective mice, but they also develop a high
frequency of spontaneous thymic and disseminated T-cell
lymphomas [L57].

89. Micelacking DNA ligase |V do not survive beyond the
late embryonic stage of development; ligase |V-deficient
embryonic fibroblasts are hypersensitive to gamma rays but
not to ultravioe light and are defective in V(D)J
recombination [F20]. Very similar defects have been found in
mice and murinefibroblastslacking the Xrcc4 gene. Further,
lethality in XRCC4- and ligase IV-deficient mouse embryos
is associated with severe disruption of the development of the
nervous system dueto extensive apoptatic cell desth [G33]. It
is presumed that the enhanced sengtivity of neurond cdls
rdates to an inability to repair DNA double-strand bresks,
athough it is not known whether these bresks result from
normal metabolism or a specific neuronal process (eg. a
recombination process) required for neurona function. Itisof
considerable interest that a single person defective in DNA
ligase IV has been identified (paragraphs 43 and 66); this
person showed extreme sensitivity to radiation and devel oped
acute lymphoblastic leukaemiaat age 14, but was not severdy
impaired otherwise. Analyss of the ligase IV gene and
protein in cdls derived from this person showed that ligase
function was not completely defective, presumably explaining
ther reatively normal developmental progress [R38]. This
example of repair deficiency isimportant in reveding that
mutations leading to partial activity of the gene product may
be permissive for growth and development, but may have
undesirable consequences including the possibility of cancer
formation.

90. Thesearch for human mutationsin the XRCC4, 5, 6,
and 7 genes among patients known to be compromised in
immune functions is beginning to yield some candidates
[C28, H26].

91. There is a difference between the “programmed”
double-strand breaksgeneratedin theV (D)Jrecombination
process and those caused by radiation damage. The breaks
at V(D)J sites have 5-phosphorylated blunt ends and can
be rgoined by a DNA ligase without further processing
[S6], whileradiation-induced breaks are often not directly
ligatable because of extensive damage to the sugars and
bases at the break sites (see Section 1.B). Since, in the cell,
the non-homologous end joining pathway is involved in
repairing both types of break, it may be suggested that the
exact structure (and possi bly compl exity) of thebreaksdoes
not influencetheir recognition by the proteinsthat initiate
the rgoining process. However, it seems likely that the
context in which the break occurswill influenceits repair;
in yeast cels, three proteins involved in modulating
chromatin structure (Sir2, Sir3, and Sir4) interact with the
Ku70 protein and have a role in DNA break rejoining
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[T41]. A defect in any of the three SR genes led to
increased senditivity to gamma radiation, providing the
homol ogous recombination pathway was inactive. While
thechangesin chromatin structurebrought about by the Sir
proteins are not well understood, it is thought that they
may make the broken DNA inaccessible to other DNA-
modifying enzymes such as nucleases and thereby protect
the damaged DNA from loss. It has also been found that
the V(D)J recombination process is redtricted to the G,
phase of the cell cycle [S]. It is likely that thisrejoining
process is aso cell-cycle-controlled in the repair of
radiation-induced double-strand breaks [L51]. Thus, the
XR-1 line is highly sensitive and defective in radiation-
induced double-strand break repair in G, but has nearly
normal sensitivity and break repair in late S phase [G5].
One implication of this analysis is that there must be at
least two major pathways for the repair of DNA double-
strand breaks: the non-homologous end-joining pathway
active in G, and at least one other pathway operating in
other stages of the cell cycle.

92. Asnoted in paragraph 70, thereis evidence suggesting
that the homologous recombination repair pathway is active
in late SG, gages of the cdl cyde additionally, chick cells
defective in the RAD54 gene were found to be more sensitive
than normal cells in this part of the cycle. Chick cell lines
weregenerated with defectsin both the homol ogous recombi-
nation repair pathway and the non-homologous end-joining
pathway (RAD54/Ku70-defective), and these showed
increased radiation sensitivity and higher levels of
chromosomal aberrations than either single defect [T42].

93. Unlikemammalian cels, inlower eukaryotic organisms
such as the budding yeadt, repair of DNA double-strand
bresksis mainly effected through homol ogous recombination
processes. However, proteins Smilar to the mammalian
Ku70/86 have recently been found in yeest, and theseform a
dimeric complex binding directly to DNA ends. DNA end-
joining in yeast was shown to be impaired when the genes
encoding the yeast Ku proteins are mutated, and this process
is digtinct from the rgoining mediated by homologous
recombination. However, it is possiblethat someactivitiesare
shared by both homologous and illegitimate recombination
pathways, since it was found that the RAD50 gene product
(paragraph 70) interacts with the yeast Ku proteins [M32].
Mutation of the gene encoding the smaller Ku subunit
(HDF1) has also been found to lead to shortened telomeres,
similarly to TEL1 mutations (paragraph 64), suggesting that
in addition to their end-joining role these proteins may help
protect yeast chromosome ends [P21]. Intriguingly, both the
Ku and Sir proteins are located at telomeres in undamaged
yeast cdls, but following theinduction of DNA double-strand
bresksthey rd ocate to bresk sitesin thegenome[M54]. Loss
of HDF1 gene function alone does not, however, lead to
radiation sengtivity or a measurable defect in DNA double-
strand break repair in yeast, whilethe combined lossof HDF1
and homologous-recombination gene functions leads to
extreme sensitivity [B35, S50]. Additionally, whiletheloss of
homol ogousrecombination repair in yeast leadstoan devated
frequency of chromosomal aberrations, the combined loss of

these two pathways gives a reduction in chromosomal
aberration frequency [F24]. This observation has been con-
sidered as evidence for the involvement of non-homologous
end joining mechanisms in chromosomal aberration
formation.

94. While ataxia-telangiectasia cells arenot defectivein
V(D)Jrecombination, arecurrent feature of the disorder is
theappearanceof T-cell cloneswith characteristic chromo-
somal rearrangements at sites of immunoglobulin and
T-cell receptor genes [A7, B2, R4]. Elevated levels of
recombination of T-cell receptor geneshavebeen described
in lymphocytesfrom ataxia-telangiectasiapatientsrel ative
to those from normal individuals [L10]. ATM-deficient
mice develop thymic lymphomas and die by 5 months
(paragraph 62), but if the gene that normally causes
programmed double-strand breaks leading to V(D)J
recombinationisinactivated, nolymphomasdevelop[L66)].
This griking observation suggests that ATM normally
suppresses aberrant recombination events.

95. Thergoining of DNA double-strand breaks, produced
enzymatically, has dso been examined usng small DNA
mol ecul estransfected into mammalian cellsor exposed to cell
extracts. These sudies have shown that amost any sort of
bresk end (with flush ends, or with complementary sequence
at the ends, or with mismatched ends) can be rgoined by
celular enzymes [N7, P29, R1]. However, even with
complementary ends, afraction of thebresksarergoined with
aloss of sequence around the break stes. This mis-rgjoining
process was found to occur by a non-conservative
recombination mechanism [T10] that appears to differ from
the non-homologous end-joining pathway. The mechanism
entails deletion of DNA bases between short (2-6 bp) direct
repeat sequences, such that one of the repests is also logt
(Figure IV; see also paragraph 182). Occasionaly the mis-
rgoining can be more complex, with an insertion of DNA at
the deletion site. Using substratesthat attempt to modd more
closdy DNA double-strand bresks produced by radiation
damage, where the sequences at the bresk-ends are not
complementary, breaks were shown to be rgoined by ether
this repeat-driven mechanism or by a process of blunting the
ends before rejoining [M 33, R18]. The repesat-driven process
of mis-rejoining has been shown to be independent of the Ku
proteins [M33]. Recent data with yeast cells revedl that this
mis-rejoining mechani sm prevailswhereboth thehomol ogous
recombinati on and non-homologousend-joining pathwaysare
knocked out [B35, B36]. This error-prone mechanism
condtitutes, therefore, a third pathway for the regoining of
doublestrand bresks common to many organisms.
Interestingly, in extracts from two ataxia-telangiectasia cell
lines, the frequency of misrgoining by this mechanism was
about 20 times higher than in extracts from normal cdl lines
[G3, N7]. Thegenetic basisof thisshort repesat-driven process
is unknown, athough in principle it may require smilar
enzymes to those that recombine adjacent homologous
sequences within a chromosome. Adjacent sequences with
homology of several hundred base pairs recombine in a
process termed single-strand annedling in both mammalian
cdlsand yeast; in budding yeast some of these recombination
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events are RAD52-dependent, but also require the products of
the RAD1 and RAD10 genes [O5]. RAD1 and RAD10
combine to give a sngle-stranded endonuclease required to
snip off the overhanging DNA drands generated by the
recombination of adjacent repests. In mammalian cdls, the
homol ogues of RAD1 and RAD10 are the nuclectide-excision
repair genes ERCC1 and XPF, repectively [W52], and there
is evidence that the ERCC1l gene is invoved in
recombination-dependent deletion formation in mammalian
cdls[S85].

Double-strand break
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Figure IV. Direct-repeat end joining model.
Direct repeats (shown in boxes) are identified on either side
of the initial double-strand break. Exonuclease removes
opposite strand beyond repeats. Repeats are annealed,
leaving extended tails (snip ends), which are removed.
Strands are infilled by polymerase and ligated to give the
deleted form with only one copy of the repeat.

96. Ataxiatdangiectasa cdl lines were found to have
elevated rates (by a factor of 30-200) of intrachromosomal
recombination in an introduced DNA congtruct [M8]. These
findingssuggest that ataxia-tdangiectasacdlshaveagenerd
disturbance in recombination processes, and that the cell
extract sudieshighlight those eventsleading to sequenceloss
and rearrangement (see Section |V.B). It seemslikey that an
eevated leve of non-conservative recombination would also
lead to an increase in mutation frequency, provided that the
mutation system (i.e. target genomic region) allows detection
of relatively large ddetions and rearrangements. Evidence of
an increasad spontaneous frequency of mutations in ataxia-
telangiectasiare ative to normal persons has been found from
direct analyss of their blood cdls. Measurements made in
ataxia-tel angiectasiaerythrocytes (lossof heterozygosity inthe
GPA sysem, paragraph 213) show loss mutations were
elevated, on average, by a factor of 10, while ataxia-
telangiectasia lymphocytes (HPRT gene mutation) show an
average devation of about 4 [C15]. In each system, however,
there was awide range of frequencies, from nearly normal to
morethan 100-fold higher than normal. Theseresultsareaso
supported by studies of trandfection of small target genes

carrying breaks at specific sites (by endonuc ease cutting) on
shuttle vectors. The proportion of correctly rejoined target
geneswaslower in ataxia-tel angiectasiathan normal cell lines
[C13, R5, T6]. It isunclear whether thisrecombination defect
is directly reated to radiosenstivity in ataxia-telangiectasa,
but disturbance of recombination would tend to give genetic
ingtability and ultimately may lead to cancer-proneness.

2. Radiosensitivity and the cell cycle

97. Mammadlian cdlsvary in their radiosengtivity through
thecdl cycle, generally showing grestest resstanceduring the
period of DNA synthesis(S phase) and least resisganceduring
G,/mitosis and late G, (where a long G, exists) [S37]. To
account for this variation in response, different hypotheses
were advanced, such as fluctuation in radioprotective
substances in the cdl and/or duplication of the geneic
material in S phase [S38, T27]. However, anumber of sudies
indicate that the fluctuation in response correates to the
ability of cdlsto repair radiation damage when irradiated in
certain cell-cycle phases[13, W25]. Additionaly, it has more
recently been found that certain DNA repair-defective cell
lines have dtered cdl-cycle responses (see paragraph 91).
Theseresultssuggest that the opportunity for repair of damage
in relaion to DNA synthesis or segregation is an important
determinant of response (see paragraph 9). Accordingly, the
ability of the cel to optimize repair and to avoid the
interaction of damage with other cdlular processes by
modulating the cdl cyde after irradiation may be crucial to
recovery and genome stability.

98. Itisnow well established that some radiosensitive (rad)
cdl linesin yeadts are defective primarily in regulation of the
cdl cycle Theparadigm for thistypeof defect istherad9 line
of budding yeast. Although identified many years ago by
sengtivity to x rays and UV light, it was discovered more
recently to be defective for a regulatory function (termed a
checkpoint) in the G, phase of the cdll cydle. Theloss of this
checkpoint alows rad9 cdls carrying DNA damage to
proceed into mitosisand die. The norma RAD9 gene product
appears to respond only to damage, since rad9 mutant cells
have normal divison kinetics when unirradiated, athough
they do show spontaneouschromasoma ingtability [W6, W7].
Irradiated rad9 cdls have been shown to be defective dlso in
extended-G, arrest, indicating that the normal RAD9 gene
product operates a more than one trangition point in the cdl
cyce[S9].

99. Numerous other checkpoint genes have now been
identified, especialy in lower eukaryotes such as yeadts, and
homol ogues of many of these regulatory genes are present in
human cdls[C42]. It iscdlear, therefore, that al cdlsregulate
ther cyding in rdation to a variety of signals to make sure
that a proper progresson of phases occurs (e.g. that mitosis
does not occur until the S phaseisfinished) but alsoto ensure
that the genomeisintact before starting anew phase. Certain
gene products, for example, the tumour suppressor p53,
appear to be central to thismonitoring processin mammalian
cdls[A21, CA43], and the detail ed workings of this regulatory
network are currently the subject of intense research.
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100. It has been known for many years that x irradiation of
mammalian cdls in extended-G, phase (dowly prdliferating
primary cultures or cellsgrown until they run out of nutrients
["plateau phase']) induces a dose-dependent G, arrest [L7,
N1]. Thisarrest isevident at dosesaslow as 100 mGy, but the
duration of the arrest is reduced if the G, cdls are allowed
time to recover before restarting the cycle. Kastan et . [K2]
observed increases in the levels of the tumour suppressor
protein p53 corrdated to atransient G, arrest after rdatively
low doses (500 mGy) of gamma radiation in normal human
haematopoietic cdls. Cels that were mutant for p53 showed
no G, arret but retained the G, arrest found typically after
irradiation (but see aso paragraph 109). The apparent
increase in p53 derives from a prolonged half-life of the
protein (the protein half-life is normaly only about 30
minutes). The link between p53 and G, arrest has been
generdlized for other cdl types and for a variety of DNA-
damaging agents [F4]. A likdy role for p53, given its
function as atranscriptional activator, isto activate the genes
involved in negative growth control. Radiation-induced G,
arrest was found to correate to inhibition of a leest two
members of the compound family of proteins that contrals
cdl-cycleprogression (thecydin/cdk proteins); thisinhibition
was dependent on p53 and was mediated by the p53-inducible
kinase inhibitor p21 [D4].

101. The signal for p53-dependent G, arrest is likely to be
DNA breskage; agents causing DNA double-strand breakage
(ionizing radiation, bleomycin, DNA topoisomerase
inhibitors) arevery effectiveinducers, while UV light appears
to cause p53induction through the processing of basedamage
into breaks. Theintroduction of restriction endonucleasesinto
cdls has shown that DNA double-strand breakage aone is
aufficient for this response [L14, N5]. Microinjection of
broken DNA molecules into cell nucleé has suggested that
very few double-strand breaks may be required for arrest, and
only one or two may be sufficient [H29].

102. Ataxiatelangiectasia cdls lack DNA-synthes's arrest
(Section11.A.1) and G, arrest, and the DNA-damaging agents
that strongly induce p53 are d o the agents to which ataxia-
telangiectasiacdlsare senstive[L 14, N5]. It hasfurther been
shown that p53 induction is reduced and/or dedayed in
irradiated ataxia-telangiectasia cells and suggested that the
ataxia-telangiectasia gene product (ATM) is part of a
signalling mechanism that induces p53 [K3, K6, L14]. A
similar alteration of p53 responsehas been found after irradia-
tion of cdls derived from patients with Nijmegen breskage
syndrome[J21]. ATM hasbeen shown to physically associate
with p53; it is responsible for a rapid phosphorylation of a
specific residue a the N-termind end of p53; this phosphory-
lation occurs within minutes of treatment of cdls with
ionizing radiation or radiomimetic drugs but not after UV
light trestment [B59, CB58, K43, S73]. Thexe processes
contribute to its increased half-life following irradiation and
alsolead to the associ ation of pS3with other proteinsinvolved
in damage-signalling pathways. In mousefibrobl asts deficient
in both ATM and p53 proteins (or ATM and p21), theloss of
the G,/S cdl-cyde checkpaoint following irradiation is no
worse than for either sngle defect. This again suggests that

ATM and p53 operate in a common pathway of cdl-cyde
contral in response to DNA damage. However, it seems that
ATM may regulate only some aspects of p53-dependent
responses; for example, the ATM defect leads to premature
senescencein mousefibroblasts, andin this casethecombined
deficiency of ATM and p53 [W47] or ATM and p21 [W49]
alleviates the senescence.

103. The ATM protein has also been shown to interact
directly with the proto-oncogene c-Abl [B48, S65], aprotein
kinase that itsdf interacts with other important cel-cycle
regulators such as the retinoblastoma protein and with RNA
polymerasell. When cdlIsareirradiated, c-Abl isactivated in
norma cdls, but this activetion is absent in aaxia
telangiectasacdls. Additionally, cyclin-dependent kinasesare
resstant to inhibition by radiation in ataxiatelangiectasa
cdls, and this appears to be due to insufficient induction of
p21[B30]. A kinasenamed CHK 1 that linksDNA repair with
cdl-cycle checkpoints in yeadt, has recently been found to be
conserved in humans and mice and is dependent on ATM for
its activity in meiods. Like ATM (paragraph 62), CHK1
protein localizes along synapsed meictic chromosomes,
probably at thetimethat they are repairing DNA breeks. Itis
speculated that CHK1 acts to coordinate signals from both
ATM and ATR (paragraph 65) to ensure the correct
progresson of meioss[F17]. The activity of asecond kinase,
CHK?2, which is homologous to the yeast RADS53 protein
(paragraph 70), has also been shown to be ATM-dependent;
this kinase is involved in the negative regulation of the cell
cycde[M23]. It ssems likely, therefore, that the ATM protein
isinvolvedin multiplesignal-transduction pathways, by virtue
of its interaction with a number of important regulatory
proteins.

104. Alterationsin theresponse of cell-cycleregulatorsin
ataxia-telangiectasiacellsmay beinvolved in someaspects
of the disorder but are unlikely to be responsible for the
radiosensitivity of ataxia-telangiectasia. For example, p53-
deficient cells have a tendency to be radioresistant rather
than radiosensitive [L6], and SV40-transformed ataxia-
telangiectasia cell lines in which p53 function is ablated
till have the characteristic radiation sensitivity. It ismore
likely that any compromise of p53 response will affect
cancer-proneness; both human patients (Li-Fraumeni
syndrome) and Tp53-knockout mice show elevated levels
of cancer [D3, M4]. Loss of one (Tp53*") or both (Tp537)
gene copies in mice also has significant effects on
sensitivity to radiation-induced cancers, seen as a much
reduced time for tumour onset. When Tp53*" mice were
irradiated with gamma rays to a dose of 4 Gy at 7-12
weeks, the tumour onset time was reduced from 70 to 40
weeks, while Tp53” mice showed a decreased latency only
if irradiated when newborn (because at later times their
frequency of spontaneoustumour devel opment was al ready
extremely high, masking the effect of irradiation). It is of
interest that p53-deficient mice show a high incidence of
thymiclymphomas, similar to ATM- and BRCA2-deficient
mice (paragraphs 62 and 73), athough it should be
remembered that this result may be influenced by the fact
that all of these mice were produced in the same genetic
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background. In the Tp53*" mice, the normal Tp53 allde
was commonly lost in tumour cells; it was notable that in
radiation-induced tumours there was both a high rate of
loss of the normal alele and a duplication of the mutant
alede[K11].

105. Inactivation of mitotic checkpoint genes has been
found in tumour cells derived from both BRCA1-deficient
and BRCA 2-deficient mice(paragraph 73), suggesting that
these defects cooperatein cancer progression. Conditional
deletion of the Brcal geneled to alow frequency and long
latency for mammary tumours, but Tp53*" mice carrying
this Brcal mutation showed a significant acceleration in
mammary tumour formation [X7]. It may be significant
that the phosphorylation of BRCAL in response to DNA
damage is mediated by ATM [C67], in view of the
potential involvement of ATM in breast cancer (paragraph
137 et seq.). In BRCA2-deficient cells, mutationsin Tp53
or genescontralling themitoti c checkpoint wereimplicated
in promoting cellular transformation and the devel opment
of lymphomas [L64]. Centrosomes, which control the
movement of chromosomes during mitosis, are abnormal
in both BRCA1- and BRCA-2-deficient cells, leading to
unequal chromosome segregation [T46, X8].

106. Micethat lack DNA-dependent kinase (scid phenctype,
paragraph 82) accumulate high levels of p53 because of the
presence of “natura” DNA doublestrand bresks from
unrepaired V(D)J recombination intermediates but show a
typical G, arrest following irradiation. These mice develop
thymiclymphomawith low incidence (15%) andlong latency.
The importance of p53 expresson in protecting the animals
from cancer was shown in mice that lack both DNA-
dependent kinase and p53; these mice show prolonged
survival of lymphocyte precursors and onsgt  of
lymphoma/leukaemiaby 7-12 weeks of age (mice defectivein
p53 aone devdop lymphoma to 50% incidence at 16-20
weeks). Cdl lines derived from these double knockout mice
were aso about 10 times more resstant to gamma radiation
than lines from scid mice. It was suggested that p53 may
normaly limit the surviva of cdls with broken DNA
molecules and therefore that p53 loss promotes genetic
instability [G23, N14].

107. Many of these p53-related responses may be associated
with other functions of p53, in particular itsrolein radiation-
induced apoptosis (programmed cell deeth, Section 11.B.3). It
isclear that DNA- bresk-inducing agents, including ionizing
radiation, kill some cdl types through a p53-dependent
apoptatic pathway, dthough this pathway is not involved in
the induction of apoptoss by other stimuli [C6, L13].
Alterations in the control of apoptosis may be linked to
carcinogenesis, where aloss of p53 function may lead to the
survival of precancerous cdls, as has been shown in the
induction of skin cancer by UV light [Z4].

108. It has aso been known for many years that irradiated
mammalian celsmay arrest in G,. The G, checkpoint isalso
controlled by specific cydin/cdk proteins, and gamma
radiation rapidly inhibits the kinase component (p34%<) at

doses resulting in G, arres [L12]. Conversdy, p34%c
activation accompanies rdease of a radiation-induced G,
block by drugs such as caffeine [H14]. In cultured cells,
caffeine-induced release of thearrest decreases survival [B49)
and increases the proportion of cells dying from apoptosis
[B40]. However, it has a so been found that caffeinetreatment
leads to an increased frequency of chromosomal aberrations
[L40, T26], athough the link between these two effects has
been questioned [H18]. These observations suggest that the
arrest promotes survival and may reduce the probahility of
gendic dterations. This view is supported by experiments
with arrest-defectiverad9 yeast cdlls, wherethe imposition of
an artifical G, dday promotes surviva [W6]. However, in
some radiosengtive mammalian cdl lines, incduding ataxia-
telangiectasia, enhanced ddlay in G, is commonly linked to
enhanced sengtivity [B3, B6]. It stems likely that because of
repair defects these cdlls never progress further in the cycde
anddie(that is thecdl-cyclearrestisirreversble, becausethe
damage signal is not reduced). The signa for this response
could be unrepaired DNA bresks, recent experiments in
recombination-deficient yeast carrying a single unrepaired
double-gtrand break in an inessential DNA molecule show
that this can be lethal to a mgjority of cdls[B7].

109. Initialy therewaslittle evidence of arolefor the p53
protein in G, arrest (paragraph 100), but more recent data
with p53-deficient mice and cells have shown that p53 is
required for correct control of entry into mitosisfollowing
DNA damage[B60, S74, S75]. Similarly, cellsestablished
from patientswith germ-line TP53 mutati ons(Li-Fraumeni
syndrome) have a consistent defect in G, response [G36].

3. Apoptosis: an alternative to repair?

110. Early studiesof irradiated mammalian cellsrecognized
that there are different forms of cdll death [O1]. Attemptsto
corrdate cdl death with the formation of chromosomal
aberrations concluded that a maor cause of death in
fibroblagtic cdls is genetic damage resulting in the loss of
chromosome fragments [B22, C26, D8]. The most conclusive
experiments were those of Revell and co-workers, showing a
close correlation between loss of chromosome fragments,
observed as micronude, and cdl death in individua diploid
Syrian hamster BHK21 cdls [J13]. It is envisaged in these
cdlsthat geneticimbalance, perhaps duetotheloss of specific
essential genes, resultsin death oncethepre-irradiation levds
of their gene products have decayed. However, cdls from a
number of different devdlopmental lineages are known to
undergo rapid cdll desth, often termed interphase degth, after
irradiation [H16, P18, Y4].

111. It is now recognized that the balance between cell
proliferation and cell death is crucia to the correct
development of organisms, and that cell deaths in many
tissuelineagesare programmed by agenetically -controlled
process known as apoptosis. This process was first
described as a characteristic breakdown of cellular
structures, including DNA degradation [K14, W33].
Apoptosis is initiated through specific cdl surface
receptorsin responseto external devel opmental signalsbut
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may a so be induced by DNA damage. Radiation-induced
interphase death is considered to be an example of
apoptosis [A3, Ul4, Y3], athough the occurrence of
apoptosis has more recently been reported in cell lines
dying at various times after irradiation [R8, Y5].

112. Initiation of rapid apoptosisin normal cellsby radiation
appears to be dependent on the induction of the p53 protein
[C6, L13], athough del ayed apoptosis may occur in cdl lines
deficient in wild-type p53 protein [B27, H37]. While p53-
dependent apoptosis does nat involve the same receptors as
deve opmentally -regul ated apoptosis, thereafter themolecular
pathways converge to acommon cell desth programme. The
mechanism of sgnalling by p53 is not well understood,
athough p53 can bind DNA at specific Stes (“response
elements’), and this binding is strongly stimulated by DNA
ends, short regions of singlestranded DNA, and short
mismatched DNA segments[J9, L28]. Theimportanceof this
DNA binding is demondrated by the fact that the vast
majority of TP53 mutationsidentified in tumour celsoccur in
the part of the gene specifying DNA-binding activity [H25].
Rdatively stable binding to DNA (hdf-life>2 h) can allow a
variety of subsidiary processesto occur, such asthe activation
of specific genes. Because p53 has the properties of a
transcriptional activator, it may initiste apoptoss by
switching on a specific set of genes. Alternatively there is
evidence that in some Stuations p53 may act in the opposite
way, repressing genes concerned with cdl survival [C23,
C32].

113. A second pathway of radiation-induced apoptosis is
proposed to work through a membrane-associated signalling
system responding to a varietly of extracdlular stresses.
Sphingomyelin and possbly other sphingolipids at the
membrane respond to sress by rapidly rdeasing ceramide,
which accumulates and activates protein kinases to initiate
cdl-cyde arrest and apoptosis. It has been suggested that
ceramideactsasabiogtat”, measuring andinitiating response
to cdl stressesin the same way as athermostat measures and
regulates temperature [H34]. Radiation can activate com-
ponents of the ceramide pathway in isolated membranes,
suggesting that DNA damageisnot required [H35]; however,
this suggestion has been challenged [R39], and recently it has
been found that ancther function of the ATM gene is to
modulate ceramide synthesis following radiation-induced
DNA damage [L67]. Lymphoblasts from patients with the
Niemann-Pick disorder have an inherited deficiency in acid
sphingomydinase, an enzyme hydrolysing sphingomyein to
give ceramide, and fail to show ceramide accumulation and
apoptosis fallowing irradiation. Comparison of mice with a
knockout in the gene for acid sphingomydinase with Tp53-
knockout mice shows that the initid dages of the
sphingomydin-dependent apoptotic pathway aredistinct from
those of p53-mediated apoptosis. Thesetwo pathways may be
prevaent in different tissues, sphingomydin-dependent
apoptoss prevails in the endotheium of the lung and heart
and the mesothelium of the pleura and pericardium, while
thymic apoptosis is especially dependent on p53. The acid-
sphingomydinase-deficient mice develop normally, showing
aso that this apoptatic pathway is distinct from develop-

mentally-regulated apoptosis[SB5]. In tumour cdl lineswhere
TP53 is mutated, it has also been shown that resistance to
radiation corrdates to loss of ceramide accumulation [M1].

114. Whether or not the cell goes into apoptosisin response
to a given radiation dose is thought to depend on the
availability of other proteins that promote or inhibit further
seps in the programme. The details of these geps are ill
being worked out, but it is clear that a diversity of factors
influences apoptoss. For example, cels may become
susceptibleto radiation-induced apoptoss through functional
lossof the retinoblastoma (Rb) protein, a cdll-cycleregulator,
by either mutation of the RB gene or the expression of vird
oncoproteins that inactivate Rb [$42]. Conversdly, the gene
product of the BCL-2 oncogene, first identified a a site of
chromosome trandocation in B-cell lymphomas, can block
radiation-induced apoptosis [R10]. It has been found that
BCL-2 and related proteins localize to cdlular membranes,
especialy of mitochondria, wherepermesbility transitionsare
important in regulating the apoptotic process [G25]. The
competitiveformation of protein complexesby membersof the
BCL-2 family is suggested to control susceptibility to
apoptos's; some of these proteins are antagonists, like BCL-2,
whilecthersare agonigts, and there ative proportions of these
proteins determinewhether acdl will respond to an apoptotic
signal [K5, K19, W34].

115. The extent of apoptosisfor a given radiation dose does
not appear to be affected by changes in the dose rate or by
dose fractionation [H38, L26, L32], athough there has been
a recent report of a reduction in apoptoss a very low dose
rates from gammarays (<1.5 mGy min?) [B66]. Thereisan
effect of cell-cycle stage on the extent of apoptos's; in contrast
to the "classcad" patern of resistance (Section 11.B.2),
mammalian cells appear to beresistant in G, and senstivein
S phase [L26, L33]. In cdls that are reatively resstant to
apoptess, the oxygen enhancement ratio was found to be
similar for apoptosis and for dlonogenic cell survival [H36].
Therdativebiological effectiveness (RBE) of fast neutronsfor
apoptoss in thymocytes was found to be 1 [W16], in
accordance with earlier measurements of interphase death in
thymocytes and lymphocytes [G15, H19]. However, for
intestinal crypt cdls of mice, wherethereisahighly sensitive
subpopulation of cdls in the sem-cel zone, the RBE for
apoptosiswas 4 for 14.7 MeV neutrons and 2.7 for 600 MeV
neutrons[H38, H39]. It is not known why the RBE varies for
different tissues; both thymocytes and intestinal cells show
p53-dependent apoptosis [L13, M39], but it is possible that
ther relative abilities to repair radiation damage differ (see
paragraph 87). The proportion of cdlls dying from apoptoss,
relative to other forms of desth, was shown to be congtant at
different doses (range 2-6 Gy) in cells where the main
cause of death was apoptosis [L26]. This result does not
suggest, at least for doses in excess of 2 Gy, that cels
switch on the apoptotic pathway because their repair
systems are unable to cope with the level of damage. In
human lymphocytes, significant induction of apoptosis by
gammarays could be measured at dosesaslow as 50 mGy,
and some evidencewasfound that individualsvary in their
apoptotic response [B41].
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116. It has been suggested that alterations in the p53-
dependent apoptotic pathway play an important part in the
sensitivity of ataxia-tedlangiectasia [M38] and Fanconi's
anaemia [R20, R34], but this view has not been supported
by other studies [B51, D15, E15, K35, T43]. It has been
found that p53-mediated apoptosisis normal in irradiated
Atmknockout mice [B50], but that ATM isinvolved in the
regulation of the ceramide-dependent pathway [L67].
Further study of apoptotic responses, especialy p53-
independent pathways, are required to clarify these
responses, preferably in primary cellsfrom thesedisorders.

4. Summary

117. A link between radiation sensitivity and immune
system defects has been revealed from studies of DNA
repair genes,; the same gene products are used to assemble
functional immune genes and to repair radiation-induced
DNA breaks by non-homologous end joining. Cells and
animals defective in genes in this pathway are extremely
sensitive to ionizing radiation and lack low-dose-rate
sparing. While non-homologous end joining seems to be
themain mechanismin mammalian cellsfor DNA double-
strand break rejoining, at least two other pathways exit,
and in lower organisms double-strand breaks are mostly
repaired by the homol ogous recombination pathway.

118. An important component of the non-homol ogous end-
joining pathway, the XRCC7 gene encoding the catalytic
subunit of DNA-dependent kinase, is related in structure to
the ataxia-telangiectasia gene product and has been shown to
behave as a tumour suppressor. The mechanism of rgjoining
by this pathway and the relationship of the components of the
pathway to other regulatory processes (such as cdl-cyde
control) are at present the subject of intense research activity.

119. Itisdear that the fiddity of rgoining by the different
repair pathwaysisan important determinant of the mutagenic
consequences of DNA damage (see adso Figure ).
Homologous recombination repair is likdy to be the only
error-free pathway. However, since even this pathway
depends on copying information from another DNA strand,
the fiddity must relate to the quality of both the information
copied and the enzyme (polymerase) used for the copying.
Pathways of double-strand break repair based on illegitimate
recombination (non-homologous end joining, repeat-driven
rgoining) will commonly be error-prone, although in
principle the non-homologous end joining pathway can be
error-free where the nature of the damage allows this (eg.
repair of adouble-strand break formed by the overlap of two
singlestrand bresks sufficiently separated to alow for
templated repair). Repeat-driven rgjoining leads to ddetion
formation (misrgoining), and may act as a back-up for
damage that is not (or cannot be) repaired by the other
pathways. Itisdill not cear which factors determinethe

likdihood that a specific damage site will be repaired by a
particular pathway [T44]. The complexity of damage may
influencethis question (Section |.B), aswdll asthe possibility
that radiation damage induces the activity of specific repair
enzymesor pathways (Section 111.B). In futurework it will be
important to establish therd ativeefficienciesof these different
pathwaysat different doses and doseratesand in different cell
types, o that mutagenic consequences can be predicted. The
potential consegquences of error-pronerepair pathways at low
radiation doses are explored further in Annex G, “Biological
effects at low radiation doses”.

120. When growing cells are irradiated, they arrest their
cell-cycle processes, apparently to allow timefor repair to
be completed satisfactorily. This arrest is part of a
checkpoint function that monitors the physical state of
DNA at different stages of the cycle. Cellsthat have lost a
checkpoint may be as radiation sensitive as cells that have
lost DNA repair capability. Many genes are involved in
controlling the cell cycle and determining checkpoints. In
mammalian cells, the p53 protein isimportant in response
to DNA breakage and controls both arrest in the G, phase
and one pathway of programmed cell death (apoptosis).
Animalsand humans(Li-Fraumeni syndrome) deficient in
p53 show elevated levels of cancer; irradiation of p53-
deficient micehasamarked effect on thelatency period for
tumour formation and gives a high incidence of thymic
lymphomas. The ataxia-tel angiectasia disorder has defects
in cell-cycle checkpoint functions, and there is evidence
suggesting that ATM and p53 operate in a common
pathway of cell-cycle contral in responseto DNA damage.

121. Apoptotis (programmed cdll deeth) is also induced by
ionizing radiation, both through the p53-dependent pathway
and a membrane-associated signalling pathway. Therdative
importance of these pathways variesin different tissues; aso,
the importance of apoptosis as a mechanism of cdl death in
reponse to radiation varies with the cdl type and
devel opmental stage. Therel ationshi p between apoptoticdeath
andradiation injury differsfrom that for genetic degth (lossof
essential genes through damage to the genome). Changesin
dose rate or dose fractionation do not appear to affect
apoptatic responses, and the response of cdl-cydegageisthe
reverse of the pattern found for genetic death. While it is
attractive to consider that in the face of excessive damage,
radiation-induced apoptosisis an aternative to DNA repair,
the evidence for this posshility is not convincing. Loss of
ability to respond to apoptotic stimuli will allow the
accumulation of cellsthat may carry genetic damage and can
therefore be a cancer-promoting event [W8]. This
phenomenon is seen, for example, in Tp53-knockout mice
(paragraph 104) and in mice overexpressing the BCL-2
protein [M21]. In this respect, the correct functioning of
apoptatic pathways can be viewed as a complementary
mechanismtotherepair of DNA damage, removing damaged
cdls from the population.
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1. HUMAN RADIATION RESPONSES

A. CONTRIBUTION OF MUTANT GENES
TO HUMAN RADIOSENSITIVITY

122. The term radiosenstivity is used to indicate an
abnormally increased response to ionizing radiation of both
the whole body (see Section 11.A.1) and cells derived from
body tissues. Further, in cdls the radiation response may be
measured in different ways. For example, the ability of cdls
to grow and form clones (cell survival) following irradiation
is commonly used as a measure of sengtivity, but more
sensitive assays based on chromosome damage may aso be
used. In the comparative measurement of cel survival, the
terms D, (mean letha dose calculated as the inverse of the
dope for exponential survival curves represented semi-
logarithmically), D, (mean |lethal dose calculated asthe area
under the survival curve in linear representation [K34]), or
D, (doseto give 10% survival) are commonly used.

123. Therange of sengtivity of cells from supposed normal
individuals has been measured in surviva experiments
following multiple doses of acute low-LET radiation. In two
major sudies with human diploid fibro-blagts, the sengtivity
to dose was found to vary by a factor of about 2: D, range =
0.98-1.6 Gy (mean = 1.22+0.17 Gy) in 34 cdl lines tested
[C8] and D, range = 0.89-1.75 Gy (mean = 1.23 + 0.23 Gy)
in24 cdl lines[L8]. Thedegreeof interexperimentd variation
for agiven cdl linewas generaly small (<20%), although in
one of these sudies cdl lines derived from a mother and
daughter showed survival curvesthat could alsovary by adose
factor of about 2 on repeated testing [L8]. However, it was
concdluded that neither cdl culture conditions (including
cloning efficiency and population doublings) nor age and sex
of the donor were correlated to the observed differences in
radiosenstivity [C8, L8]. This suggeststhat unknown genetic
factorsthat affect radiosengtivity vary in the cdls of normal
individuals.

124. More recently it has also been possible to measure cell
survival with peripheral blood T-lymphocytes, irradiated as
resting (G, phase) cdls, to assesstherange of radiosengtivity
in humans. G, lymphocytes tend to have a more curvilinear
response to dose than cycling fibroblasts and, on average, a
higher survival at low doses than fibroblasts. Early-passage
fibroblast survival data generally show a good fit to asmple
exponential, while the G, lymphocyte data are better fitted
with models including a dose-squared term, such as the
quadratic (-InS = aD + pD?). Using D, as a measure, the
range of senstivity to dose of lymphocytes from different
individuals can also vary by afactor of about 2 [E7]; however,
given the shape of the survival curves, D, is difficult to
measure accurately, and therangeisgenerally much lessthan
2 usng measures such as Dy, or Do [E7, G17, N4].

125. No corrdation was found between the messured
sengtivities of fibroblasts and lymphocytes from the same
individual [G17, K23]. A smilar lack of correlation was

found between lymphocyte and fibroblast responses of
pretreatment cancer patients, whether the fibroblasts were
cycing or in the plateau phase, suggesting that these
differences in response were not cell-cycle-dependent [G11].
The differences between fibroblasts and lymphocytes may
reflect several other possibilities: modes of desth may differ,
cd|-type-specific factors may affect the expresson of genes
that modify radiation response (especialy after growth in
culture), and/or there may be unknown variables in assay
conditions. In support of the last possibility, Nakamura et a.
[N4], using donors from one ethnic group, found a smilar
(rdatively small) variation in the mean x-ray dose to kill 28
samples of T-lymphocytes from one individua (D,, =
3.66+0.21 Gy), very smilar to results with samples from 31
different individuals (D,, = 3.59+0.18 Gy). Elyan et al. [E7]
reported smilar data with donors from three ethnic groups,
athough with agreater overall range of variahility. In support
of differencesin cdl-type-specificfactors, other cdl typessuch
as keratinocytes also show survival that is significantly
different from that of fibroblasts taken from the same
individuals [S39].

126. Theuseof experimental conditions promoting recovery
from irradiation, such as low-dose-rate irradiation, will, it is
suggested, expand the range of sensitivities to dose shown by
normal human cdls. The exposure of non-growing fibroblasts
from 14 different normal individuals to tritiated water (dose
rate = 8.5-100 mGy h') expanded the range of sensitivity to
dose by a factor of morethan 3 [L35]. Similarly, Elyan et a.
[E7] found that low-dose-rate irradiation (9.8 mGy min™?) of
human G, lymphocytes from 19 individuas expanded the
range of senstivity to dose by a factor of about 4. When a
higher dose rate (28.5 mGy min™) was used, however, there
was little difference between the range of senstivities
measured for fibroblasts and lymphocytes and the range with
adoseraeof 4.55 Gy min™ [G11]. Thelatter result probably
reflects incomplete recovery during the low-doserate
irradiation period [E7, G11].

127. Other assays of cedlular senstivity have been
devel oped based on the measurement of responses such as
the growth of cells after single doses of radiation. A
"growback" assay following gamma irradiation of
lymphoblastoid cells, devel oped by Gentner and Morrison
[G4], detected a wide range of sensitivity in the normal
(asymptomatic) population. Of 270 lymphoblastoid lines
tested, about 5% of normal lines showed hypersensitivity
after acute irradiation, as measured by their overlap with
the responses of ataxia-telangiectasia homozygotes, while
on the same criterion about 12% were hypersensitivewhen
assayed using chronic irradiation [G4, G13]. However, a
wider range of sensitivity was detected using chronic
irradiation, and rigorous statistical tests found that the
proportion of lines showing a significantly hypersensitive
response (p = 0.05) was 5%-6% under both irradiation
conditions [G14].
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128. There have been claims that a number of disorders
with an increased incidence of cancer are hypersensitiveto
X rays, including retinoblastoma, basal-cell naevus
syndrome, Gardner's syndrome, and Down's syndrome
[A6, M2, W3]. Themain method of determining sensitivity
differences has been cell survival assays with cultured
fibroblasts(asshownin Figurell), inwhich small numbers
of cell cultures derived from normal individuas are
compared with those of one or more derived from the
patient(s). Unfortunately, such studies have not always
given consistent sensitivity differences for the same
disorder tested in different laboratories. In part thismay be
due to the large range of sensitivity found among normal
individuals; if the normal linesused in a given laboratory
are in the higher part of the survival range, a disorder
showing relatively low survival may be classified as
sensitive even though it falls within the overall normal
range. However, it has been concluded from a statistical
analysis of many published survival curves of human
fibroblasts that the radiosensitivity of cells from some
disorders, calculated asD,,,, can bediscriminated from that
of norma cells [D7]. The disorders include ataxia-
telangi ectasiahomozygotes and heterozygotes, Cockayne's
syndrome, Gardner'ssyndrome, Fanconi'sanaemia, and 5-
oxoprolinuria homozygotes and heterozygotes.

129. A number of studieshad previoudy suggested that cdlls
from individuals heterozygous for the disorder ataxia
telangiectasia (carriers with one mutated gene, such as the
parents of those showing the full symptoms) are more
sengtive than normal to the lethal effects of irradiation [A6,
Al4, C33, K17, P11]. Additionally, ataxia-tedangiectasa
heterozygotes show an averageleve of dose-rate sparing that
isintermediatebetween that of linesfrom ataxia-telangiectasia
homozygotes (paragraph 49) and normal persons[P12, W18,
W21]. However, even under low-dose-rate conditions, where
anumber of carriers have been tested, it is evident that their
sengtivity range overlaps that of the most sensitive normal
individuals[L 35, W18]. Survival assayson cdlsderived from
human sources cannot therefore unequivocdly distinguish
cariers of a mutated AT gene from normal individuals.
Similarly, it hasbeen found that protracted radiation exposure
will not readily distinguish other disorders suggested to have
minor degrees of hypersenstivity [L35]. Inbred mousestrains
may show less variation in response from individua to
individual, and mice heterozygous for a defective Atm gene
were found to show a dgnificant reduction in lifespan
following irradiation (4 Gy a 2-4 months of age), aswell as
premature greying of coat colour, compared to normal
littermates [B61].

130. The finding of a range of sengtivities to radiation
among supposedly normal personsimpliesthat in addition to
those with increased sengtivity, there are individuas with
gregter radiation resdance than average. There is little
evidence, however, for specific disorders associated with
radiation resistance. It has been noted that cdl lines derived
from mice deficient in the p53 tumour suppressor are more
resstant to radiation than normal (paragraph 104), although
this response may be cdl-type-dependent [B43]. Similar

studies on fibroblasts derived from patients with the Li-Frau-
meni syndrome, defective in p53, highlighted a family
carrying agerm-line TP53 gene mutation in codon 245. Cells
from family members showed aradioresisance (D, val ue) that
wasincreased by afactor of 1.2 [B44], compared to an appro-
ximately 1.5-fold increase for the p53-deficient mice [L6].

131. There is evidence from cell survival assays that
radiation senditivity at thecellular level may correlatewith
tissue response of cancer therapy patients. In astudy of 811
patients treated with radiotherapy for breast cancer, five
showed severe skin responses. The survival of fibroblast
cell lines derived from these five patients was compared to
six lines derived from women with normal radiotherapy
responses (also from the same group of 811 patients). The
sensitivity of the severeresponse patients (D, =
0.97+0.11 Gy) was significantly higher than that of the
norma group (D, = 1.16+0.08 Gy; see paragraph 123)
[L39]. In a prospective study of 21 head-and-neck cancer
patients it was found that the sensitivity of their cultured
fibroblasts, but not their lymphocytes, correlated with
whole-body late effects [G12]. Similarly, a study of
fibroblasts derived from 10 radiotherapy patients showed
a correlation between cellular sensitivity and late tissue
reactions [B42]. The survival of lymphocytes from breast
cancer patients suffering severe reactions to radiotherapy
has al so been studied in conjunction with ataxia-telangiec-
tasia heterozygotes and homozygotes [W21]. Using high-
dose-rate irradiation (1.55 Gy min™), the survival of
lymphocytes from severe-response patients could not be
distinguished from that of normal-response patients (or
other normal contrals), but with low-dose-rate irradiation
(9.8 mGy min?) the cel survival of severe-response
patients and ataxia-telangiectasia heterozygotes was
similar and significantly different from that of normal
individuals. Using the growback assay (paragraph 127),
lymphoblastoid cell lines derived from newly presented,
non-selected cancer patients showed a similar range of
radiosensitivitiestothenormal lines, whilepatientsal ready
known to show some adverse reaction to radiotherapy
showed ahigher proportion with extremesensitivity [G14].

132. Assaysbased on chromosomal damage have commonly
shown a higher degree of sendtivity in the detection of
differences between individuals. For example, the genetic
disorders ataxia-tdangiectasa, Bloom's syndrome, and
Fanconi'sanaemiawere described as* chromosomal breakage
syndromes’ in early studies, showing significantly increased
frequencies of chromosomal breeks and exchanges after
irradiation[H24]. Chromosomal responsesafter low-dose-rate
irradiation have also been used to examine the sensitivity of
ataxia-telangiectasia heterozygotes [W13] and breast cancer
patients who react severdy to radiotherapy [J12].
Lymphocytes from 5 out of 16 patients (31%) sustaining
severe reactions to radiotherapy had dicentric yidds outside
the contral range[J12].

133. An assay based specifically on the chromosomal
sensitivity of lymphocytes to irradiation in G, has been
successful in detecting significant differences between
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individuals carrying various cancer-prone disorders. The
work of Sanford et al. is based on the measurement of
chromatid breaks and gapsa short time after irradiation of
lymphocyte cultures, this assay detected enhanced
sengitivity in fibroblasts from a number of disorders,
including ataxia-telangiectasia [ T25], Fanconi's anaemia,
Bloom's syndrome, Gardner's syndrome, basal-cell naevus
syndrome, xerodermapigmentosum, and familial polyposis
[P2, S5]. In this G, assay, cells from cancer patients and
tumour cells showed an even higher frequency of
chromatid damage [H21, P3]. This assay has some
technical difficulties; extensive testsin another laboratory
using identical conditionsfailed to reproduce many of the
results, which led to a modified assay that appears to be
more encouraging [S28].

134. Themodified G, chromosomal assay devised by Scott
et a. [S27] has been used to assay the senstivity of
lymphocytes from 74 normal individuas, 28 ataxia-
telangi ectasi aheterozygotes, and 50 breast cancer patients.
The ataxiatelangiectasa heterozygotes were clearly
distinguished in sensitivity from the majority of normal
individuals, but about 9% of the normal individuals
showed hypersensitivity. Human fibroblast cultures show
a smilar result, with four ataxia-telangiectasia hetero-
zygotes distinguished from seven normal individuals
[M47]. The range of sensitivities of lymphocytes from
breast cancer patients was much greater than the range
from normal individuals (42% overlapped the ataxia-
telangi ectasia heterozygote range). It was proposed that in
addition to those mutated genes already identified with
familial breast cancer, a number of other genes of lower
penetrance may also predispose to breast cancer. It was
suggested that these genes may be involved in the
processing of DNA damage [H21, S27]. Family studies
showed that the lymphocytes of first-degree relatives of
sensitiveindividualswere significantly more sensitiveto x
rays than expectation; segregation analysis of family
members (95 individuals in 20 families) suggested that a
single gene accounts for most of the variahility, but that a
second rarer gene with an additive effect on
radiosensitivity may also be present [R36].

135. It has also been found that a subsat of patients with
common variable immune deficiency (CVID) showed
enhanced senstivity to G, chromosoma damage [V1].
Among disorderswith primaryimmunedeficiency, CVID and
ataxia-telangiectasia have the highest reported incidence of
tumours, and both disorders show similar types of tumours,
suggesting a common risk factor. This finding may relate to
thelink noted above (Section 11.B.1) between immune system
dysfunction and radiosensitivity. However, it is clear that the
G, chromatid assay will detect enhanced levels of damagein
cdls showing a normal response in survival assays (eg.
xeroderma pigmentosum cells), and it may be argued that it
is primarily a means of detecting genetic ingtability.

136. Ancther method based on dterations in the sedimen-
tation of human lymphocyte nuclel is damed to detect
particularly sengitive individuals [$4]. When the repair of

damage is measured by return to normal sedimentation
propertiesafter irradiation, it waspossibletodetect individual s
sengtive to radiotherapy and patients with autoimmune
disease[H5]. Further, patientsshowing post-therapy complica-
tions were found to be more sensitive by this sedimentation
assay than those without complications [D2].

137. It has been suggested that individuals heterozygous for
the ataxia-telangiectasia defect are also at increased risk of
cancer. Swift @ a. [S13] compared prospectivdy the
incidence of cancer in 1,599 reatives of ataxiartelangiectasia
patients in 161 families in the United States and found an
increased relativerisk of 3.8 in men and 3.5 in women for ll
cancers, and an increased rdlativerisk of 5.1 for breast cancer
in women. If borne out, this predisposition would contribute
significantly tothecancer incidencein the generd population:
heterozygotes are much more frequent than ataxia
telangiectasia homozygotes (both genes mutant) and from
these data could congtitute as much as 5%-8% of all adults
with cancer [S12]. However, commentary folowing the
publication of the work of Swift et a. [S13] questioned two
aspects of ther findings. Firdt, biasin the control group was
suggested [B24, K22, W14], although this was contested by
Swift e a. [$41]. Second, againg a background radiation
levd of 1 mGy &, it was consdered surprising that an
increese in breast cancer could be detected following
diagnogtic x-ray procedures of <10 mGy [B24, L25].
Differences in dose rate might influence the effectiveness of
these two sources, and in other studiesan acute dose aslow as
16 mGy gave asignificant increasein breast cancer in normal
women aged 5-9 years at exposure[M26]. However, it isclear
that areatively large difference in sengtivity of the ataxia-
tel angiectasiaheterozygotestotheacutediagnostic procedures
would be required to attribute the observed cancer incidence
to ddeerious effects of one mutated copy of the ataxia-
telangiectasia gene.

138. Genotyping of 99 ataxia-telangiectasiafamiliesusing
markerstightly linked to the ATM gene showed that 25 of
33 women with breast cancer were heterozygous compared
with an expectation of 15 of 33 (relative risk = 3.8; 95%
Cl: 1.1-7.6) [A18]. Two smaller European studies of
cancer incidenceamong ataxi a-tel angiectas aheterozygotes
tend to support the data from the United States, giving an
overall relative risk for breast cancer of 3.9 (Cl: 2.1-7.2)
[E4]. Theaveragerelativerisk for other cancerswas|ower
at 1.9, with the European studies showing no statistically
significant increase over controls. Using these combined
data, the proportion of breast cancer cases due to ataxia-
telangiectasia carriers would be about 4%. This small
proportion is consistent with an inability in two studies
[C36, W31] to detect linkageto AT gene markersin breast
cancer families (i.e. on the basis of the risk estimates and
genefreguency, most casesof familial breast cancer will be
caused by other genes) [E4].

139. The identification of the gene mutated in ataxia
telangiectasia (ATM, paragraph 56) has led to further
attempts to correlate this gene defect with breast cancer
incidence or with severity of response to radiotherapy. In a
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study of ATM mutations in 38 sporadic breast cancers, only
rare polymorphisms were detected, none of which would lead
to truncation of the gene (paragraph 57), giving no evidence
for an increased proportion of ataxiartedlangiectasa hetero-
zygotesin breast cancer patients[V8]. Thesameworkersalso
looked a 88 unrdated primary breast cancer cases from
families previoudy associated with cancer susceptibility and
found three ATM mutations (3.4%); this number was
considered to be higher than expected by chance, but these
mutations did not necessarily segregate with cancer incidence
in the families [V9]. Screening a further 100 breast cancer
casesfrom familieswith ahistory of breast cancer, leukaemia,
and lymphoma revealed only one mutation, consigtent with
minimal involvement of the ATM gene[C65]. Fitzgerald et dl.
[F21] detected heterozygous mutetions in 2 of 202 (1%)
healthy women with no history of cancer, compared to 2 of
410 (0.5%) patientswith early-onset breast cancer, consistent
with alack of association. Similarly, in astudy of 18 families
associated with ahigh incidence of breast and gastric cancers,
only one ATM mutation was found, and this did not
cosegregate with the gastric cancer in the family [B58]. In a
study of 41 breast cancer patients showing marked normal
tissue response to radiotherapy, one was found with a
heterozygous mutation in the ATM gene (2.4%), compared
with nonein a comparable number of control patients [S69).
The concluson that mutation of ATM is not amajor cause of
radiotherapy complications was supported by sudies of
smaller numbers (15-16) of breast cancer patients showing
severenormal tissuedamagefollowing radiotherapy, inwhom
no ATM mutations typica of those in heterozygotes were
found [A22, R31]. In contradt, ardatively high frequency of
ATM mutations has been found for agroup of prostate cancer
patients (3 of 17, 17.5%) with severe late responses to
radiotherapy [H47]. The mgjority of these tudiessuggest that
heterozygosity for the ATM geneis not an important cause of
breast cancer susceptibility or severeresponseto radiotherapy,
but most do not have sufficient numbers of patientsto exclude
completely arole for ataxia-telangiectasa heterozygotes.

140. The association of certain forms of lymphocytic
leukaemia with mutations in the ATM gene has already
been noted (paragraph 59). Individuals with less severe
mutations in the ATM gene, allowing some expression of
ATM protein (paragraph 57), may al'sobeat greater risk of
developing breast cancer [S78]. It has also been observed
that loss of heterozygosity (Section 1V.B) at chromosome
11g23isafrequent occurrencein breast carcinomas[C27,
H15]. At least tworegionsof 11923 arecommonly del eted,
and one of these includes the ATM gene. Other common
human malignancies such as lung, cervical, colon, and
ovarian carcinomas, as well as neuroblastoma and
melanoma, also show an association with loss of
heterozygosity at 11923 and may include the ATM gene
region [R9]. In arecent study, 40% loss of heterozygosity
was found for markers of ATM in cases of sporadic
invasive ductal breast carcinoma; in the same tumours,
markers for the BRCA1 and BRCA2 genes showed 31%
and 23% loss of heterozygosity, respectively. Loss of
heterozygosity of ATM correlated with higher grade
tumours and a younger age at diagnosis[R32].

141. It is clearly important to detect individuals in the
human popul ation who are hypersensitive to radiation and
to understand the connection between radiosensitivity and
cancer-proneness. While there are a number of indicators
of this hypersensitivity, it has been difficult on the basis of
cell survival assaysto distinguish normal individualsfrom
those carrying mutant genes giving intermediate levels of
sensitivity, when the full sensitivity range of normal cells
is taken into account (paragraph 128). In the case of
ataxia-tel angi ectasi aheterozygotes, newer assaysbased on
G, chromosomal sensitivity (paragraphs133-134), DNA
damage levels measured by the Comet assay [D22],
enhanced arrest in G, [N2, N3], or enhanced arrest in G,
[H6, L4, L5] all show morepromise, but it isstill not clear
whether any of the assays will detect these heterozygotes
exclusively. Thediscovery of the ATM gene (paragraph 56)
has made the task of detecting heterozygotes smpler, but
because of the large size of this geneiit is till a difficult
task to screen large numbers of individual s for defects (see
paragraph 139). Since many other genes are known to
influencecellular radiosensitivity [Z213], itislikely that the
molecular cloning of these genes will have a substantial
impact on the ability to determine the importance of
genetic predisposition to human radiation risk. Indeed,
preliminary studies on nine recently-cloned repair genes
including XRCC1 and XRCC3 (paragraph 78) showed that
relatively common alterations in gene sequence exist in
normal individuals. An average of 14 percent polymorphic
sites yielding protein sequence variations was found in
samples of 12-36 individuals, including someindividuas
who were homozygous for the variant site [M53, S84].
While the functional significance of these variations has
yet to be established, their potential to reduce DNA repair
capacity may influence individual response to radiation
sensitivity and cancer susceptibility.

B. INFLUENCE OF REPAIR ON RADIATION
RESPONSES

142. It isknown that DNA repair processesinfluencethe
sensitivity of mammalian cellsand organismstoradiation.
If recovery from radiation damage is compromised, asin
cell lines defectivein double-strand break repair, the slope
of the cellular survival curve is increased. Also, while
norma cells show a “shouldered” curve, the repair-
defective cells commonly show a loss of this feature. In
simplistic terms, it is envisaged that repair processes in
normal cellsincreasethe chancesof survival, but that asan
acute dose increases, the amount of damage temporarily
saturates the repair capacity of the cell [G6]. Thereisvery
good evidence in yeast cells that these aspects of survival
are associated primarily with the repair of DNA double-
strand breaks [F3]. It has been possible to make this
correlation in yeast, because DNA double-strand breaks
can be measured accurately, and mutant cells that are
temperature-sensitive for double-strand break repair are
available. Thus, as the podt-irradiation temperature is
altered, it is possible to see a concomitant alteration in
double-strand break repair and survival. Unfortunately, it
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has proved technically difficult to establish similar
guantitative correlations in mammalian cells, which have
amuch larger genome than yeast.

143. Operationally defined measures of cdlular recovery,
termed potentially-lethal damage repair or sublethal damage
repair, have been used for some years in cdlular "repair"
studies. Potentially-lethal damage repair is measured by the
recovery found when cdlsareheld in anon-proliferative state
after irradiation, before respreading into fresh growth
medium. Sublethal damage repair defines the recovery seen
when survival is measured after splitting the dose over a
suitable interval. While it has not been cear whether
potentially-lethal damage repair and sublethal damage repair
measure the same underlying repair processes, it is notable
that both are absent in yeast single-gene mutants lacking
DNA double-strand bresk repair (rad52 series) [R2, R3]. It
has also been argued from kinetic data that double-strand
bresk repair isresponsiblefor potentially-lethal damagerepair
in yeast [F3]. Similarly, with low-dose-rate irradiation, there
isgood evidencein yeast cellsthat DNA double-strand break
repair is responsible for the dose sparing observed [F3].
Mammalian cell lines with defective double-strand break
repair as wedl as ataxiartdangiectasia cels have also been
shown to lack potentially-lethal damage repair (xrs, XR-1,
ataxiatelangiectasia) or low-dose-rate sparing (xrs, ataxia
telangiectasia, irs?) (see Section 11.A.2) [T30]. A corrdation
has recently been found for human normal and ataxia
telangiectasia cdls, irradiated at high or low dose rates,
between the amount of DNA double-strand bresks remaining
after repair and radiosenstivity (measured as cdl survival)
[F18].

144. Mammalian cdls irradiated with densdy ionizing
radiation, such asaphaparticles, show both amore sensitive
response (increased dope of survival curves) and, commonly,
the loss of the curve shoulder region. Thus, characterigtic
increasesin RBE arefound asthedensity of ionization (LET)
increases. This may wdl arise from the LET-dependence of
damage complexity [A23, G28, G39] (see Section 1.B), and
refined measurement of DNA breskage following both
x irradiation and high-LET partices has shown that thereis
a comparative excess of smdl fragments for the high-LET
radiations [L53, R26]. However, severa dudies of
mammalian cellsusing conventional biochemical techniques
show that there is little or no difference in the numbers of
DNA double-strand breaks induced by low- and high-LET
radiations (RBE = ~1) but that fewer of the breaksinduced by
high-LET radiations are repaired [B52, C53, H4, L52, P27,
P28, P37, R27]. Using these methods, a good correlation has
been found between therdative number of non-rejoined DNA
bresks and the RBE for mammalian cdll inactivation over a
widerange of LET [G32, R25]. Plasmid DNA, irradiated to
give the same amount of damage by gamma rays or by apha
particdes, showed much less repair of the aphaparticle
damage when exposed to mammalian cdl extracts [H41]. It
is suggested that damage induced by high-LET radiationsis
more complex, because of the increased local clustering of
ionizations, and therefore less repairable than low-LET
radiation damage (see Section 1.B). Thisfinding is supported

by measurement of thergoining kinetics of largefragmentsof
cdlular DNA, where rgoining was generaly dower after
irradiation with high-LET particles than with x rays [L62].
Additionally, usingthismethod the proportion of mis-rgoined
fragmentsincreased with x-ray dose (10%-50% over the dose
range 5-80 Gy), while smilar experiments with high-LET
radiation gaveaconstant 50% of fragmentsmis-rgoined at all
doses tested [L72, K47].

145. Inradiosenstive cdls, specifically ataxiartelangiectasia
cdls[C10] and the xrs series [ T7], the increase in RBE with
LET isvery much reduced. This result would be expected if
the damage caused by densdy ionizing radiation is
intringically more difficult for normal cellsto repair than the
damage caused by sparsely ionizing radiation. On this bas's,
radiosengtivecdlsshow littlealteration in effectivenessasthe
LET increases, because they are already inefficient at
repairing low-LET radiation damage. This analyss suggests
that theRBE-LET rdationshipislargely caused by thenormal
cdl's ability to repair low-LET radiation damage.

146. Extensive studiesin bacteria have shown that some
repair processes are inducible by treatment with DNA-
damaging agents[W11]. That is, DNA damage causes an
increase in the expression or activity of repair enzymes,
mitigating the effects of the damage. Thisprocessispart of
amuch wider series of so-called stress responses by which
cells adapt to thelr environment. Knowledge of such
inducible processes in mammalian cells is fragmentary,
and in some cases the data are controversial. Evidence for
the existence of inducible repair processesin response to
ionizing radiation damage comes from severa different
types of experiment. These may be broadly categorized as
() adaptive response of pre-exposed cells (see d'so [U2]),
(b) refined analysis of survival in low-doseregions, and (c)
direct molecular evidence for the inducibility of specific
gene products.

147. Pre-exposureto low doses of tritiated thymidine (18-
37 Bgml™) or x rays (5-10 mGy) was found to decrease the
frequency of chromosomal breaks in proliferating human
lymphocytes irradiated subsequently with a higher dose
(1.5 Gy) of x rays[0O2, S34]. The aberration frequency is
reduced to about 60% of cells not receiving pre-exposure
[S30]. Pre-exposureto low concentrations of radiomimetic
chemicals, such as hydrogen peroxide and bleomycin, can
also reduce the effect of a subsequent high dose of x rays
[C35, V4, W29]. This adaptive response is, however,
stopped by 3-aminobenzamide, an inhibitor of poly(ADP-
ribose) polymerase (paragraph 77), which isitself induced
in response to DNA breakage by radiation [S34, W23].
These features of the adaptive response have led to the
suggestion that low levels of DNA breakage act asasignal
for aresponse mechanism leading to accelerated repair of
radiation damage in mammalian cells.

148. Although increased resistance following low radiation
doses has been observed in anumber of laboratories, it occurs
only in the lymphocytes of someindividuas[B21, B26, H13,
S22, S26]. Also, lymphocytes from several persons with
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Down's syndrome [K 16] and fibroblastsfrom homocystinuria
patients [Z11] did not show the adaptive response. The
adaptive response is usualy found when lymphocytes are
proliferating, not resting (G,) [S31, W15], athough there are
data suggesting that pre-irradiation in G, followed by a
chalengedosein G,, gives increased resistance [C63, K16].
These observations have led to suggestions that the increased
resstanceisaresult of cdl-cycle perturbation in the lympho-
cyte populations of some individuals fallowing the pre-
exposure (i.e. thecdls sampled following the second dose are
in amoreresigtant phase of the cycle than if no pre-dose had
been given). This idea has received some experimental
support [A9, W27], but recently an adaptive response for
chromosomal and cell-killing responses has been found in
cdls other than lymphocyteswhen irradiated in praliferating
or non-proliferating sates [11, L27, M24, S23]. Thus, the
causes of the adaptive response remain controversia, but
further work with different cdl types has outlined the
responses affected and the conditions under which the
responseis observed.

149. Measuring chromatid bresks or chromosome-type
exchangesin lymphocytes, the maximum effect on resistance
to a second dose occurs within 5-6 h fallowing the pre-
exposure [S34, W15]; the phenomenon may persst for up to
three cdl cycles[C24, S34]. While pre-exposureto relatively
high acute x-ray doses (e.g. >200 mGy) does nat give the
adaptive response [C46], when 500 mGy was given at low
dose rate (eg. 10 mGy min™) the adaptive response was
found. Conversdy, there appears to be a minimum dose rate
for the response induction by low doses (e.g. for 10 mGy pre-
dose, the dose rate must be >50 mGy min™ for full effect)
[S33]. A pretrestment with an acute dose of 20 mGy from
X rays will confer resistance to chromosome breskage by
150 mGy apha particles from radon [W28]; however, when
acute high-LET radiation was used to give the pre-exposure,
there was no increased resistance to a second dose [K16,
w24].

150. Pre-exposure to low doses from x or gamma rays has
also been shown in severa different cel typesto decreasethe
frequency of cdl killing [L27, M24, S32], mutation [K13,
R12, S20, U17, Z8], apoptosis [F26], and morphological
transformation [A15, R33]. However, the last result is il
controversa. Usng a near-diploid mouse skin cdl line
(m5S), Sasaki [S23] showed that x-ray-induced cdl killing
and chromosomal and mutation responses, but not
morphological transformation, are mitigated by acute pre-
exposure to 20 mGy from x rays. A malignant derivative of
m5S cells lacked the adaptive response, but thiswas restored
along with morphological reverson by trandfer intothesecdls
of human chromosome 11. The study also showed that
chemicals that ether activate or inhibit protein kinase C,
which has an important role in sgna transduction, ether
mimicked or abolished, respectively, the adaptive response
[S23]. There have been reports suggesting that capacity to
rgoin radiation-induced DNA double-strand bresksis greater
following low-dose pre-exposure [14, Z8], as wel as data
implicating activation of antioxidant metabolism in the
adaptive response { B65, Z14].

151. The repair of DNA base damage is aso a potentialy
relevant process, a newly developed ultrasensitive assay for
thymine glycols (paragraph 17) has shown that pre-exposure
to 0.25 Gy from gamma rays increases the repair of thistype
of base damage from a subsequent dose of 2 Gy. Theinitial
rate of removal of thymine glycols in human cdlular DNA
was found to be increased by a factor of 2 following pre-
exposure [L6Q].

152. New methods to measure with improved accuracy the
survival response of mammdian cdls have led to the
discovery that the dose-response curve may initially be steeper
at low doses (<1 Gy) than predicted from the curve found at
higher doses. This response has been characterized as an
initial hypersengtivity at doses up to 0.5 Gy, followed by
increased radioresistance of the cell population [L23, M17,
W32]. The possibility that the hypersengtive responseto low
dosss is the result of differentialy sengtive fractions in cdl
popul ations has been rejected on the basi s of two observations.
First, survival curves for radiosenstive tumour cdl linesand
an ataxia-tdangiectasa line appear to show no changes in
sengtivity in the low-dose region. Prdiminary data for two
further radiosengtive lines, one with reduced DNA double-
strand break repair and the other reduced excision repair, aso
show noincreased radioresistance at |ow dosesin comparison
to their respective parental lines [S35]. Second, it is argued
that the hypersensitivity seen would require onefraction of the
cdl population to have an unreasonably high leve of
senstivity (eg. about 7% of the cdls to be >10 times more
senstivethan ataxia-telangiectasiacells) [L24]. In parald to
the adaptive response of lymphocytes, recent data also show
that pre-exposure to low doses from x rays or low concentra-
tions of hydrogen peroxide increases radiation resstance in
the hypersengtive region. Further, the additional resistance
from pre-exposure wastransitory, requiring timefor develop-
ment and diminishing after two or three cdl cycles [M18].
Again, it has been found that low-dose hypersengtivity is
absent with high-LET radiation [M17, M19].

153. Multi-laboratory experiments attempting to measure
the dose response for chromosomal aberration inductionin
lymphocytes from two normal donors at low x-ray doses
(down to 4 mGy) also appear to identify departures from
fitted dose responses that have been attributed to the
induction of repair processes [P15]. It was then suggested
that the control valuein these experimentswas excessively
high, biasing the result towards non-linearity [E5]. How-
ever, analysis of lymphocytes from individualsin Austria
before and after exposure to fallout from the Chernobyl
accident, where a peak twofold increase in radiation
exposure was recorded, also showed dose-response curves
departing from linearity (i.e. decreasing or levelling off) at
annual doses between 0.3 and 0.5 mGy [P17]. Further in
vitro studieswith x raysand larger numbersof donorshave
not confirmed asignificant departurefrom linearity at low
acute doses (down to 20 mGy), athough statistical
variation in the small numbers of aberrations detected at
lower doses do not allow conclusive statements on dose
response [L37, L38]. These further studies did show an
excess of multiply-damaged cells in some donors after
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irradiation, leading to the possihility that a small subset of
lymphocytesis especialy sengtive to aberration induction by
very low doses. Smilar sudies with 15 MeV D-T neutrons
did not reved significant departures from linearity at low
doses [P16]. Smilarly, a sudy of chromosomal aberration
induction in Syrian hamsters injected with *'Cs to give a
whole-body dose of about 0.4 mGy, to mimic the Chernobyl
fallout exposure, failed to reveal a significant increase above
background values [L61]. Thus, the posshility that very low
doses give a higher yidd of chromosoma aberrations than
expected on the basis of alinear extrapolation from high-dose
data remains contentious.

154. Reports suggesting that low doses of ionizing
radiation induce repair processes in vivo pre-date the
cellular studies described above. Irradiation of mice with
low doses of x or gamma rays has produced evidence of
increased resistance to subsequent higher doses to both
somatic and germ cells[C24, F6, W26]. Recent data show
that the marked cytogenetic adaptive response of mouse
germ cells does not influence the response of the somatic
or germ cells of the offspring [C25]. Examination of
chromosomal aberrations in the lymphocytes of people
exposed occupationally to higher-than-average doses of
alphaparticlesfromradon (0.01-16 mGy) plusgammarays
(2-3 mGy) showed that the dose-effect curve was not
related to that found at higher doses. Individual s subjected
to the lowest doses gave a steep increase in aberration
frequency with dose, while at higher doses the curve
flattened out [P14]. Tuschl et al. [T33] showed that the
people exposed to the higher doses (8-16 mGy a*) of alpha
particles gave higher levels of repair (unscheduled DNA
synthesis after UV light damage) in lymphocytes,
compared to controls. Hospital workers exposed to low
levels of x and gamma rays (maximum annua dose =
28 mSv) showed a reduction in the frequency of
chromosome aberrationsinduced by adose of 2 Gy tother
blood lymphocytes, compared to non-exposed controls
[B20]. However, it has been found that the lymphocytes of
children living in areas contaminated by the Chernobyl
accident showed no evidence of increased resistance to
x rays[P9, U16], and separate reports suggests that fewer
peoplefrom theregion of the accident showed the adaptive
response in lymphocytes compared with a control group
[P19, M52].

155. A growing number of specific genes and proteins have
been shown to be induced or repressed following irradiation,
mostly using relatively high doses from x or gammarays (2-
6 Gy). While these do not as yet form coherent pathway(s)
coordinating response to radiation, they do implicate genes
and proteins involved in a variety of important molecular
processes (see aso Section 11.B). Induced proteins include
oncogenes transcription factors (cjun, c-fos, interleukin-1,
and egr-1), prateinsinvolved in cell-cycleregulation (p53and
cyclins A and B), growth factors, and DNA-metabolizing
proteins [PCNA, pB-polymerase, and poly(ADP-ribose)
polymerase], aswdl asthe products of anumber of unknown
genes [B25, K15, W20]. The development of methods for
rapidly screening hundreds or thousands of genes (micro-

arrays) in one experiment, for changes in levds of gene
expresson, is beginning to show the extent of transcriptiona
responseto radiation damage. For example, using an array of
morethan 600 genes, gammairradiation of amyeloid cdl line
showed induction of 48 genes by factors of two or more, and
many of these genes had not been previoudy reported as
radiation-inducible [A25]. Consdering those genes which
respond differentially in the presence or absence of p53, it was
found using micro-arraysthat several genes encoding secreted
proteinswith growth inhibitory functionswere upregulated in
a p53-dependent fashion following gammavirradiation. Thus,
the p53 response to radiation may also beinvolved in growth
inhibitory effects on surrounding cdls, as observed in
“bysdander” effects [K44]. Methods are being deve oped
smilarly for assaying large numbers of proteins, to revesl
trandationa and pod-trandationa responses, using 2-
dimensional gd systems coupled to mass spectrometry [B64,
C69]. Thesemethodswill also revol utionizethe classfication
of normal tissue and disease dtates, in particular cancer, by
permitting a molecular description of the complete profile of
gene products present [G40]. Such dassfications will be
invaluable in understanding the mechanigtic bass of cancer
induction by agents such asionizing radiation.

156. Increased or decreased |evel sof certain gene products
have also been found after low doses of radiation, within
the range inducing the adaptive response [B18]. Doses of
less than 500 mGy gamma rays have been found to induce
the expression of a variety of stress-response genes [P35,
P36], and dose-responses of several of these genes were
shown to be approximately linear between 20 and 500 mGy
gamma rays [A26]. Some candidate gene products with a
potential role in induced radiation resistance have been
identified, including amember of theheat shock protein 70
family (PBP74 [S79]), a heat-shock related immunophilin
protein (DIR1 [R37]), ribonucleotide reductase [S81], and
the MAPK and PKC protein kinases [S80].

C. SUMMARY

157. When the cdlsof normal individuals are examined for
radiosenstivity, as shown by their survivd in culture, varia-
tion by afactor of 2 is seen; this factor may be extended to 3
or 4withtheuseof low-dose-rateirradiation conditions. It has
been suggested that this variation has a genetic basis, but it
has been technicaly difficult to establish this. Additionally, a
fraction of cancer therapy patients suffers from severe skin
reactions, and cells from these patients commonly show a
dightly devated radiation sengtivity.

158. Assays based on chromosomal damage in G, cells
have also been used to estimate radiation sensitivity in
normal individuals and in breast cancer patients, relative
to individuals with known radiosensitivity disorders. The
response of a relatively large fraction of breast cancer
patientsoverlapped that of carriersof theataxia-telangiec-
tasiadefect, suggesting that anumber of genesinvolvedin
response to radiation damage may predispose to this form
of cancer.
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159. It has been suggested that individuals carrying one
defective copy of the ataxia-tedangiectasagene (ATM hetero-
zygotes) are at increased risk from cancer, especially breast
cancer. A number of studies have recently tested thisideaand
come to the conclusion that ATM heterozygosity is not an
important cause of breast cancer susceptibility (or severe
responsetoradiotherapy), but commonly toofew patientshave
been tested to exclude completely a role for ATM. Specific
types of tumours, such as T-cel prolymphocytic leukaemia,
are associated with high levels of mutation of the ATM gene
(paragraph 59). Additionally, recent evidencesuggeststhat the
genesinvolved in familia susceptibility to breast and ovarian
cancers(the BRCA genes, paragraph 72) areinvolved in DNA
repair processes and lead to radiation sengtivity when
defective in mice.

160. Repair processes affect the shape of survival curves,
especially through differences in the processing of DNA
double-strand breaks, as seen in specific repair-defective
lines. The response to double-strand breaks probably also
underlies operationally-defined measures of cdlular
recovery such as potentially-lethal damage repair and
sublethal damage repair. High-LET radiations may not
induce a higher frequency of DNA double-strand breaks
than low-LET radiations, but high-LET radiation damage
is much less repairable. The increase in RBE with LET,
found for normal cdlls, is largely determined by the cell's
ability to repair low-LET damage.

161. Evidence for the inducibility of repair processes in
mammalian cellsisfragmentary. Datafrom pre-exposures

of cellsto low radiation doses, as well as refined survival
analyses at low doses (<1 Gy), show an atered response
suggestive of an induction process but to date have failed
to link this response to known inducible processes.
However, recent experiments have shown that certain
genes in at least two repair pathways are up-regulated
following radiation damage (paragraphs 84 and 151).
Additionally, refined methods for looking at protein
structure and activity are beginning to reveal insightsinto
more subtle modifications following irradiation. Some
damage-response proteins may be activated by post-
trandational modifications (e.g. phosphorylation, para-
graph 102), without any change in the amounts of these
proteins, as part of asignalling mechanism promoting the
repair of DNA damage. Other proteinshave been shown to
accumulate in the cell to form discrete foci following
irradiation (paragraphs 71 and 74); these foci may
represent repair protein complexesaccumulating at sites of
damage. Whilethere hasbeen little exploration of thedose
dependence of these events, the data indicate that
modification of cellular response mechanisms can occur
following irradiation, raising the possibility that dose
responses are atered as a result. Methods for data
acquisition on the inducibility of gene products are
presently being revolutionized by the introduction of
micro-array and complementary techniques, so that rapid
progress in this research area is to be expected. The
potential importance of inducible repair processes in
determining responsesto low dosesof ionizing radiationis
considered further in Annex G, “Biological effectsat low
radiation doses’.

IV. MECHANISMS OF RADIATION MUTAGENESIS

A. MUTATION AS A REPAIR-RELATED
RESPONSE

162. Thecdlular processing of radiation-induced damageto
DNA by enzymes may result in a return to normal sequence
and dructure (correct repair). Alternatively, the processing
may fail or may cause aterations in DNA, with the con-
sequence of lethality or inherited changes (mutations). It is
aso posshble that some subtle forms of damage may be
tolerated by the cdll, particularly if it is non-replicating, and
lead to persigtent lesionsin DNA. These lesions would have
to be both chemically stable and not be substrates for repair
enzymes and may include some minor types of damage such
as methylated bases generated by non-enzymatic akylation
[L6g].

163. It is likdy that smple base damage or loss in the
mammalian genome will commonly lead to base-pair
subgtitutions. In recent years the defined production of single
types of damage, a specific sitesin DNA moleculesin vitro,
hasgiveninsightsintotheir consequences. For example, DNA
molecules carrying asingle site of baseloss (abasic site) have
been shown to give rise to base-pair subdtitutions at that Ste,

either when introduced on shuittle vectors [G8] or when the
RAS gene was transfected and dable transformed clones
selected [K7]. These substitutions (a form of point mutation)
will often giveriseto dterationsin a gene product so that it
works less efficiently or not at all.

164. Bresks in DNA, epecialy double-strand bregks, are
thought to lead to larger dterations such as deetions and
rearrangements. Some alterations are very large and are seen
aschromosomal aberrations. Whilethereislittleformal proof
of theserel ationshi psbetween breaksand mutation type, it has
been shown that the transfer of restriction endonucleasesinto
mammalian cdls, causng ste-specific DNA double-strand
bresks, gives rise to mutations and chromosomal aberrations
[T24]. Additionally, the processng of isolated double-strand
breaks in defined DNA molecules by human cel extracts
show that these may lead to large deletions of surrounding
sequence [T10].

165. Reduction in the efficiency or fidelity of damage repair
may lead to an increase in genetic change. This is seen
srikingly in the recent discovery that loss of DNA mismatch
repair capacity is involved in specific forms of cancer.
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Mismatch repair isaform of base-excision repair (Section 1.B)
that removesbasesthat have been altered or incorrectly placed
(by a polymerase) so that the two strands of DNA do not
match in base sequence. Thecancer connection wasfirg noted
as a high frequency of mutation of short-repesat-sequence
(microsatelite) DNA in colon cancers, including hereditary
non-polyposiscolon cancer. It wasrapidly established that the
genes determining hereditary non-polyposis colon cancer co-
localizewith mismatch repair genes on human chromosomes
2 and 3 [B12, L15]. More genes with homology to these
mismatch repair genes have since been identified, and at least
two of these have also been shown to be mutated in the germ
line of hereditary non-polyposis colon cancer patients [N10].
Colorectal cancer isone of the most common human cancers
and perhaps the most frequent form of hereditary neoplasia;
hereditary non-polyposiscolon cancer accountsfor asmuch as
5% of all cases of colon cancer, and the involvement of
several genesin the phenotype may account for itsprevalence
[M20Q].

166. The high frequency of repeat-sequence mutation was
recognized as characteristic of loss of the mismatch repair
sydem (MWHLS), known for many years in bacteria and
involving the concerted action of three mismatch enzymesto
correct errors caused primarily during DNA replication (such
as dippage of strands at repeat sequences) [M27]. Petients
with hereditary non-polyposis colon cancer are therefore
thought to haveamutator phenctype similar to mutant strains
of bacteria with defects in mismatch repair. The rae of
inactive mismatch repair genesin humans is expected to be
similar to the part played by tumour-suppressor genes, a
germ-line mutation in one of the mismatch repair genes is
followed by somatic mutation of the second gene copy during
tumour development [H22, L36]. However, the mismatch
repair genes are not thought to be directly involved in cancer;
rather, they increase geneticingability and the probability that
random mutations will affect those genes critical to cancer
formation. Thisideadoesnot necessarily mean that mutations
alone are sufficient for cancer formation; it is interesting to
note that a subset of hereditary non-polyposis colon cancer
patients carry numerous mutations in their cels and the
expected defect in mismatch repair but have unexpectedly few
tumours [P10]. Given the proposed mechanism, it is curious
asothat theincreased cancer risk in hereditary non-polyposis
colon cancer patients is sdective while other dtes are
affected, thereis, for example, no increased risk for cancersof
the breest and lung [W17]. Recent success at breeding
transgeni c micedefectivein mismatch repair geneshasshown
that they areviable, but alarge proportion devel op lymphomas
and sarcomas a an early age [B16, D9, R11]. Whilemany of
these mice die early, commonly succumbing to T-cel
lymphoma, thosethat survivefor morethan 6 monthsdevel op
gadrointestinal tumours, suggesting that these mice may be
used asamodd for human colon cancer [H50].

167. Cdl lines lacking mismatch repair also show an
increase in mutations at Stes other than microsatdlites. In
colorectal carcinomalines, shown to have high frequencies of
microsatellitevariation, theHPRT genemutation ratewasal so
found to be increased by a factor of more than 100 over the

rate in normal human cdls[B23, E8]. In one of these lines,
known to have a defective human MLH1 mismatch repair
gene, about one quarter of the mutants had point mutations
(frameshifts) at ahotspot within arun of guaninebasesin the
HPRT gene [B23]. An extensive study of one mismatch
repair-defectivelineusing the APRT genesmilarly showed an
elevation of frameshift mutations at stes of repeat base
sequence, as well as AT — TA transversions a Stes of
secondary DNA structure[H23]. A potentially relevant sitefor
mutations of this type is in the BAX gene, involved in
promating apoptosis (Section 11.B.3); more than half of 41
colon carcinomas with microsatellite ingtability also had
frameshift mutations in a run of eight guanines in the BAX
gene [R19]. These findings are consgtent with a role for
mismatch repair in correcting base misalignments generated
during DNA replication in normal cells. Interestingly, lack of
mismatch repair also dlowscellstobecometolerant of certain
forms of induced DNA damage. Alkylation of DNA bases
normally produces cell-cyclearrest and/or desth and can lead
to cancer, but mismatch-repair-defective cdl lines are highly
resgant to the effects of akyating agents [B28, K12].
Mismatch-repair-deficient mammalian cdl linesaso show a
small but sgnificant increase in resistance to gamma rays
[F19], suggesting that repair of certain types of radiation-
induced base damage is recognized by the mismatch repair
sydem (eg. 8-oxoguanine, which mispairs with adenine,
paragraph 24). Mouse embryonic stem cells, heterozygousfor
adefect in the mismatch repair geneMsh2, showed resistance
to low-dose-rate gamma radiation (0.004 Gy min'™) but not to
acuteradiation (1 Gy min™). On the basis of thisresult, it was
speculated that heterozygosity for mismatch repair may aso
contributeto tumorigenesisin adirect manner, without lossof
the other gene copy [D20]. The mechanism of resgtanceis
thought to follow from a reduction in abortive “repair”:
mismatch repair normally removes a base that is incorrectly
incorporated opposite a damaged base but this repair is
abortive, becausethe damaged base remainsin placeand may
lead to lethality.

168. It is to be expected that the genes involved in other
functions required for the maintenance of genome stability
would lead to a smilar effect of increasng mutation
frequency, thereby affecting cancer rates. These functions
would include the "proofreading” of DNA synthesis by poly-
merases and the regulation of DNA precursor synthesis.
Indeed, it has been shown that mutations in the exonudease
domains of the DNA polymerase & gene correlate with high
mutation ratesin some colorectal carcinomacell lineslacking
changes in mismatch repair genes[D6].

169. Repair enzymes may cause mutations by virtue of their
imperfect responseto damaged DNA, but in thelast few years
it has become apparent that many organisms have dso
retained specific enzymes that introduce mutations into
damaged DNA. Thus the loss of certain repair functions can
be antimutagenic, and indeed mutant Strains of bacteria
showing noincreasein mutant frequency after treatment with
DNA-damaging agents have been known for many years
[W11]. Recent studieshave defined these mutagenic or error-
prone DNA repair processes in bacteria and yeast, and have
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revedled that Smilar processes occur in other organisms,
including humans [J23]. It has been found that genes coding
for special types of DNA polymerases are responsible for
many of the small mutations (base subgtitutions, frameshifts)
occurring  spontaneoudy and after trestment with DNA-
damaging agents. In bacteria, for example, when DNA
damage blocks the normal replication process, an “SOS’
response is activated and more than 20 genes are induced
[S83]. Among these genes are polymerases (eg., DNA
polymerase V) with ahigh affinity for damaged DNA, which
are ableto continue to synthesise DNA for a few basesin the
presence of damage (trandesion synthess) and which
commonly put in incorrect bases to give a mutation [R35,
T45]. Similarly, in yeadt, three genes (REVL, REV3, REVY)
are required for much DNA-damage-induced mutagenesis,
and these have been found to specify mutagenic DNA
polymerase activity required for trandesion synthesis [N23,
N24]. A human gene named hREV3 hasrecently been cloned
through itshomology to the yeast REV3 gene and been found
to have the properties of a mutagenic polymerase [G41]. As
wdl as this error-prone activity, yeast cdls have ancther
speciaized DNA polymerase (encoded by the RAD30 gene)
that can perform trandesion synthesisin an error-free way.
Strikingly, @ human gene homologous to RAD30 (hRAD30)
has been found mutated in a variant form of the human
sunlight-sensitivity disorder xeroderma pigmentosum (see
paragraph 26). Since individuals with this disorder suffer a
high frequency of skin cancer, this result suggests that error-
free trandeson synthesis is important to protect againgt
sunlight-induced cancers[J24, M49]. Whilemuch remainsto
be learned about the operation of these specialized
polymerases, it seems clear that maintaining a baance
between error-free and error-prone pathways of trandesion
synthesisisimportant in the determination of rates of (point)
mutation in cells.

B. THE SPECTRUM OF
RADIATION-INDUCED MUTATIONS

170. lonizing radiation can induce many types of mutation,
from small point changes to very large aterations
encompassng many genes. From recent <udies of
mammalian cells, in which afew genes have been examined
in some detail, it is clear that radiation is mogt effective at
inducing large genetic changes (large ddetions and
rearrangements). This mutation spectrum (proportion of
different types of mutations) differs from that found
spontaneoudy or the spectra induced by many other DNA-
damaging agents(e.g. ultraviolet light, alkylating chemicals).
These other agents tend to induce mostly point mutations,
independent of the genomic region assessed. However, it has
also been found that the proportion of radiation-induced large
genetic changes can vary with the genomic region assessed.

171. The sze of genetic changes in a given region of the
genome is limited by the extent to which that region can
tolerate change. The region may contain genes that are
essential for the viability of the cdl and organiam; if an
essential gene is dtered or logt, the changes incurred will

usualy be letha [E3, T16, T21]. Thus, athough the initial
occurrence of radiation-induced genetic changes may be
smilar at different Stes in the genome, lethality will limit
both the frequency and the apparent size of mutations
recovered. Mutations will be recovered in some genes a low
frequency, because they or the region they resde in can
tolerate little change (certain genes have been found that,
within experimental limits, show almost noradiation-induced
mutation [T15]), while mutations in other genes may be
detected a reativdy high frequency because of cdlular
tolerance to large changes. Knowing this, it is possble to
devise mutation detection systems that tolerate very large
changes that would be inconsstent with surviva in normal
diploid cdls. The most extreme example of high-frequency
mutation detection isin a system devised by Waldren et dl.
[W12] that uses asthe mutational target an accessory human
chromasome 11 introduced into a Chinese hamgter cdl line.
Since no genes on the human chromosome are essentia for
cdl survival, verylargechangesincluding wholechromosome
lossaretolerated, and mutant frequencies are about 100 times
greater than for endogenous genes such as HPRT.

172. Much of themutagenicresponsetoionizingradiation
has been measured, for experimental ease, in regionsof the
genome that are present at the level of one copy per cell.
This situation (monosomy) occurs naturally in parts of the
genome such asthe X and Y chromosomes in males; aso,
functiona monosomy appearstobequiteextensivethrough
mechanisms that switch off gene expression in one copy
(asin one copy of the X chromosome in females and in
imprinted chromosomal regions). However, most
chromosomes and genes are present as two copies per cell
(disomic; see paragraph 7). Where the loss of function in
one copy of a disomic geneistolerated without harm (e.g.
because of a recessive point mutation), it has been found
that the other gene copy is mutated at relatively high
frequency by ionizing radiation. Since the two gene copies
differ in their functionality (that is, they are heterozygous),
this mutation process is commonly termed loss of hetero-
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Figure V. Effect of gene location (for hemizygous
genes) and copy number on mutant frequency in
hamster cell lines carrying two copies of the gene
(heterozygous) or single copy (hemizygous) [B11].
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zygosity. The frequency of mutation in this disomic
heterozygous situation has been shown experimentally to
be higher than for the same genein amonosomic situation
[E3, M14, Y2, as illustrated in Figure V for the APRT
gene, wherethe mutation frequency differenceisabout 20-
fold [B11]. The reason for this higher mutation frequency
in the disomic situation appearsagain torelateto tolerance
of the frequent large genetic changes caused by radiation.

Hemizygous
chromosome

Chromosomal
region

Genes
in region

Thus, thefirst copy, despitecarrying apoint mutation, still
hasthe remainder of that genomicregion intact (including
any linked essential genes), and large deletions in the
second copy can be tolerated because these do not lead to
acomplete loss of linked essential genes. In amonosomic
chromosomal region, however, there is no other copy (or
no functioning copy) present, and the mutant cell will not
survive large genetic changes (Figure VI).
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Figure VI. Consequences of radiation-induced deletion mutation in a hemizygous (monosomic) and
heterozygous (disomic) gene.
Loss of function in gene X is selected for, but the mutation also removes parts of adjacent genes, one of which is
essential for cell viability. The mutation results in death of the cell carrying the mutation when the genetic region is
hemizygous, but not when it is present in a heterozygous state.

173. Where disomic genes are used to study radiation-
induced mutation, the mutation frequency will aso vary
depending on which of the two copies (aldes) isused asthe
target. It is to be expected that in addition to the target gene,
other linked genes will vary in ther functiond date
(heterozygosity). Thus, if an active allde of thetarget geneis
linked on one chromosometo the active alele of an essentia
gene, ddetions of that chromosome will be severdly limited.
Conversdly, linkage of the target gene to an inactive copy of
the essentia gene will not be limiting if the homologous

chromosome carries the active essential gene and will alow
the cdl to survive alarge ddetion. Thus, a 10-fold difference
in mutant frequency has been recorded for the two aldes of
a heterozygous TK genein lymphoblastoid cdls [A11]. This
difference in mutant frequency was associated with a class of
dow-growth mutantscarryinglargegenetic changesat thesite
of the mutable dlele of the TK gene[A12].

174. High mutation frequencies may therefore mainly
reflect tolerance to large genetic changes, although higher
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frequencies may adso arise from additional mutation
mechanismsavailablein heterozygous cells (paragraph 183).
Since ionizing radiation is relatively good at inducing large
genetic changes, it will be very effective as a mutagen for
disomic genes compared with its effectiveness for monosomic
genes(aso, ingenerd, ionizing radiation islesseffectivethan
potent chemical mutagens when used to mutate monosomic
genes). It may bethat, for example, an individua inherits a
point mutation in one copy of a tumour-suppressor gene,
which in itsdf does not lead to deleterious effects because of
the"good" copy gill present. However, should this person be
subjected to an agent like radiation, which is very effective at
inducing large genetic changes, the other gene copy can be
readily mutated aong with much of the surrounding
chromosomal region, because that region is shielded by the
presence of the other gene copies. In thisway radiation can be
sen as a very effective mutagen for soecific types of
mutational change; indeed it could be argued that for
recessive gene mutation, individuals are susceptible to agents
such as radiation if they aready carry point mutations in
disomic genes. This phenomenon is an aspect of predisposi-
tion of individuals to specific genetic changes and should not
be confused with radiosenstivity (paragraph 122).

175. The prediction that large genetic changes would be
found in disomic target genes has been borneout in studies of
mice [C19]. Screening progeny after x irradiation of mae
germ cdls revealed that very large chromosoma changes
(deletions, rearrangements, and complex changes) occur at
high frequency in one copy of disomic regionsof thegenome;
these large changes were cons stent with reasonable viability
and fertility in the progeny. As expected, when these mutant
regionsare not shidded by asecond normal copy of the genes
involved, they are invariably letha to the mice

C. MOLECULAR ANALYSIS OF
RADIATION-INDUCED MUTATIONS

176. Whileit can be argued that ionizing radiation has a
particular mutation spectrum, it has not been found that
any onetype of mutation isinduced specifically byionizing
radiation. However, detailed analysis of mutations (and to
some extent of chromosomal aberrations) has given some
possible indicators of differences between spontaneoudy-
occurring and radiation-induced mutations, and of differ-
ences between densely and sparsely ionizing radiation.

177. Segquence analysis of x- or gamma-ray-induced point
mutations in mammaian cells has shown that a variety of
types occur, from base-pair subgtitutions and frameshifts to
small deletions. Analysis of substitutions in the HPRT and
APRT genes has shown that al of the 6 possible types occur,
athough at different frequencies (Table 3) [G10, M12, N11].
A magority of the radiaion-induced subgtitutions were
transversons (dteraion of the base from a purine to a
pyrimidine or vice versd), while many spontaneously-
occurring subgtitutionswere G:C — A:T transitions. A larger
proportion of frameshift mutations also occurred in the
radiation-induced mutants than spontaneoudy, and a few
more of the radiation-induced point mutations were multiple
substitutions (more than one base changein close proximity).
Using asmall gene target transferred into mouse cells, little
difference was found in the mutation spectra for sponta-
eoudy-occurring and X-ray-induced mutations [K18]. The
frequency of small rearrangements and deletions was in-
creasad in both spontaneous and radiation-induced mutants,
indicating differences in the bdance of mutagenic
mechanisms at the site of integration of the tranggene
compared with those at endogenous genes.

Table 3

Comparison of spontaneous and radiation-induced point mutation spectra

APRT gene/ hamster CHO cells[M12] HPRT gene/ human TK6 cells [N11]
Type of mutation
Induced by gamma rays Induced by x rays
Spontaneous (25-4 Gy) Spontaneous 2Gy)

Base substitution 55 (71%) 19 (66%) * 10 (55%) 19 (54%)
Trangtion 31 (40%) 6 (21%) 6 (33%) 7 (20%)
Transverson 24 (31%) 13 (45%) 4 (22%) 12 (34%) 2

Frameshift 6 (8%) 5 (17%) 3(17%) 8 (23%)

Small deletion or rearrangement 16 (21%) 5 (17%) 5 (28%) 8 (23%)

Total 77 29 18 35

a Includes two tandem substitutions.

178. Radiation-induced point mutations were found at
sites widely distributed within the gene, while spontane-
ously-occurring point mutationstended to cluster at certain
sites [G10, M12, N11]. Differences in the types of base
damage responsible and in the randomness of damage
induction are likely to explain these differences.

179. Smaller numbers of large genetic changes have been
sequenced because of the difficulty of locating and cloning the
breskpoints of large del etions and rearrangements. No new or
specific mechanism has been found for the induction of these
larger changes. In the hamster APRT gene, present in the
hemizygousdate, thelargegamma-ray-induced de etionstend
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to have short direct or inverted repesat sequences around their
breskpoints and to fdl into regions rich in adenine-thymine
base pairs. Insertions, however, involved repetitive sequences
and were accompanied by short ddetions [M13]. It was
notable in these studies that large changes extending
downstream of the APRT gene are not found, suggesting that
an essential geneis present in this region.

180. Inthe human HPRT gene, also in thehemizygous state,
large deletions are found to extend both upstream and
downstream of the gene over aregion of about 2 Mb [M16,
N9]. Radiation-induced large genetic changes tend to
eiminate the whole HPRT gene, making their anayss
difficult. Therefore a series of flanking markers has been
identified to delimit these changes and ultimately to map the
positions of the breakpoints. Sequence analysis of a few
deletion mutations has again shown the presence of short
direct repeats at some breakpointsinduced by both x raysand
aphaparticles, aswdl as other sequence featuresin adjacent
regions[M15, S18]. Thelarge deetionsinduced by radiation
frequently indude sequences adjacent to HPRT, and it has
been suggested that this may be a signature of radiation-
induced events as opposed to spontaneous events[N17]. This
type of mutation was equally common with gammarray doses
of 0.2 or 2 Gy d™. Use of methods amplifying specific regions
of the genometo measurerapidly the frequency of rearrange-
ments following x- or gammairradiation, followed by
sequencing the breakpoints, has given little indication of the
involvement of specific sequence features or custering of
breskpoints [F22, F23].

181. Shuttle vector systems consist of small defined DNA
molecules that may be mutated in mammalian cells but
rescued into bacteria for rapid analysis of sequence
changes. While these facilitate the molecular analysis of
induced mutations, they generally have the drawback that
thetarget genesare very small and areflanked by essential
sequence. This means that only point mutations are
detectable, and the major class of radiation-induced
mutations (large del etions and rearrangements) cannot be
analysed. However, Lutze and Winegar [L19] devised a
large shuttle vector based on Epstein-Barr viral sequence
that could be maintained episomaly in human
lymphoblastoid cellsand could detect changes of upto8kb
or 0. Using thisvector, the mutation spectraof both x rays
(150-600 Gy) and apha particles (3 Gy) from radon gas
were studied [L19, L20]. A larger proportion of deletions
was found among alpha-particle mutations (64%) than
among x-ray mutations (13%), but in a subsequent study
with lower doses of x rays, more deletions were found
(41% at 100 Gy, 33% at 20 Gy) [L21]. For both x raysand
alpha particles, these deletions were large (>2.4 kb), and
their breakpoints were clustered in specific regions of the
shuttlevector. The breakpoints were commonly associated
with short direct sequence repeats of up to six base pairs.
Useof the samevector system in alymphoblastoid cdll line
defective in double-strand-break repair gave a dightly
higher frequency of deletions after x irradiation, in
association with an additional class of small deletion
mutations (<2.4 kb) [L21].

182. The presence of sequence features such as short direct
repeats of afew base pairsat large de etion junctions suggests
that illegitimate recombination (see Section 1.B) has driven
the mutation process. Recently it has been possible to recon-
struct the process of illegitimate recombination in cdl-free
conditions to show that the process can be associated with a
DNA double-gtrand bresk. DNA molecules are broken at a
specific site, using an endonuclease, and exposed to extracts
from human cdlls for a brief period. Analyss of the extract-
treated DNA shows that while the majority of broken
moleculesarecorrectly rgoined, asmall fraction (about 0.5%)
aremisrgoinedtogiveaddetion. Themis-rgoin mechanism
involves the pairing of short direct sequence repests, situated
ether side of the bresk, so that the intervening sequence
(including one of the repests) isddeted [T10]. This mechan-
ism has been found in both radiation-induced mutations and
in germina and somatic-cdl mutations in humans. A modd
for this processis shown in Figure IV. In addition to smple
deletion, thiscd|-free system detected asmall fraction of more
complex changes, eg. a large ddetion associated with the
insertion of several hundred base pairs.

183. In heterozygotes, in addition to thetoleranceof large
changes, additional mechanisms of mutation may occur.
The two gene copies may undergo mitotic recombination
or non-digunction, leading to the appearance of mutations.
However, where loss of heterozygosity is measured smply
by the presence or absence of the active (wild-type) gene,
it is difficult to distinguish mutations occurring by these
additional mechanisms from large deletions. In a study of
mutation in the human TK gene, using both linked marker
analysis and densitometry to assess gene copy number,
about 50% of the spontaneous mutants appeared to involve
recombination, while x-ray-induced mutants were mainly
deletions [L29]. Recombination was similarly found to be
involved in spontaneous mutation of the APRT gene in
human cells, but this mechanism was also detected in a
number of gamma-ray-induced mutants [F8].

184. Whileitisdifficult to compare somatic-cell mutation
data with animal germ-cell data, some recent molecular
analyses of the genes used in mouse specific-locus tests
indicate possible similarities in the types and mechanisms
of mutation. For example, with some dependence on both
cell stage and radiation quality, a large proportion of
albino (c) locus mutations on mouse chromosome 7
recovered from germ-cell irradiations are large deletions
[R14]. Molecular analysis of radiation-induced mutations
at the c locus shows that a genomic region of 1.5-2 Mb
around the tyrosinase gene may be deleted in mutants
without leading to inviability in homozygotes [R13]. This
target sizeisvery similar tothat of the human HPRT gene
region used in somatic-cell mutation studies. Also,
mutation frequencies per unit doseof low-LET radiation at
the ¢ locus in mouse germ cells and at the HPRT locusin
human somatic cellsarein order-of-magnitude agreement
[T19], given that mutations at the ¢ locus occur with about
averageinduced frequency relativeto other loci in specific-
locustests[S29]. Comparisons of thistype emphasize that
the mechanisms of radiation mutagenesis are similar in
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somatic and germ cells, and that if measurementsare made
under similar conditions of mutation tolerance, then the
mutation frequencies will be comparable.

185. Comparison of two human lymphoblastoid cell lines
derived from the same original cell line has given further
insights into the mechanisms of radiation mutagenesis.
Line TK6 is more senditive to the lethal effects of x rays
than line WIL2-NS, but the converseis true for mutation
response to x rays (athough not to chemical mutagens).
The increased frequency in WIL2-NS at the hemizygous
HPRT gene was modest (factor of 4 at 2 Gy), while the
increase for the heterozygous TK geneisby afactor of 20-
50, depending on the TK alele used as the target [A13].
Molecular studies have reveadled that all TK mutants in
WIL2-NS arose by loss of the active alele and linked
markers (over a5 Mb region), while point mutations and
less extensive deletions were common in the TK6 line.
Two copies of the TK gene were present on a majority of
karyotypes in the WIL2-NS mutants, as expected if these
arose from mitotic recombination rather than deletion,
while the converse was true for TK6 mutants [X1]. It
seemslikely, therefore, that theWIL2-NSlinehasahigher
frequency of recombination, leading to a greater ability to
survivex-ray damagebut incurring aconcomitant increase
in mutation. Analysisof thep53 status (see paragraph 112)
of thesetwo cdll lineshas shown that p53 protein levelsare
four times higher in WIL2-NS than in TK6, because of a
mutation in exon 7 of the TP53 genein WIL2-NS (TK6is
wild-type) and that apoptotic death issubstantially del ayed
in WIL2-NS [X2, Z7].

186. In a study of B-cell precursors from Tp53-knockout
mice, it was also found that high frequencies of HPRT
mutations occurred following x irradiation but that these
resulted from a preferential survival of mutant clones
rather than from ap53-dependent increasein mutation rate
[G26]. It was concluded that loss of p53 function allows
mutated cellsto survivethat would otherwisebee iminated
by apoptosis. Other recent studies with cells from p53-
deficient mice have similarly concluded that they do not
have an intrinsically higher-than-average mutation rate
[C68, N12, S21].

187. It has been suggested that arelatively unique feature
of radiation mutagenesis is the induction of complex
genetic changes [M11]. For example, aradiation-induced
deletion may be associated with a rearrangement at the
same dite, and the rearrangement may be an exchange,
inversion, or insertion. Additionally, complex changesmay
be seen as chromosomal exchangesinvolving several sites
in the genomefollowing a single acute radiation treatment
[S15]. However, becauseof their largesizeand compl exity,
these changes have been difficult to analyse in cellular
genes at the molecular level. Further molecular analyses
will be necessary to establish whether or not large
mutations and chromosomal aberrations are formed by
similar mechanisms. It is clear from studies with one or
two genetic regions, and especially the region containing
the human HPRT gene (X(26), that genetic changes

identified at themolecular level asmutations can extend to
sizes that are visible in the light microscope [S17].
However, thebreakpointsof such very largemutationsand
chromosomal aberrations have not been sequenced.

D. EFFECT OF RADIATION QUALITY

188. In general, high-LET radiation induces a higher
frequency of mutantsin rodent and human cells, per unit
dose, than low-LET radiation [B17, B19, C22, C30, F7,
G18, H20, L31, M22, M25, S88, S89, T16, T18, T32,
W22]. The RBE varies with LET, peaking at 100-200
kev um?, with values as high as 7-10 found for alpha
particles and heavy ionsin thisLET range [C22, T16]. In
some mouse cell lines, arelatively small RBE of 2-3 has
been found for HPRT mutant frequency with alpha
particlesin the peak range, and when cell survival istaken
into account, thereis no difference in the effectiveness of
alphaparticles and x rays. Thisresult appearsto be dueto
the very high effectiveness of low-LET radiation on these
cells, asreflected inincreased cell killing and mutagenesis
for a given dose compared with other rodent lines [B19,
12]. That is, the mutagenic effectiveness of low-LET
radiation ismorevariablethan that of high-LET radiation,
presumably because cell lines have different abilities to
repair low-LET radiation damage (while high-LET
damageis lessrepairable; see Section I11.B). An example
of thisvariability is shown in Figure VII [T28].
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Figure VII. Fitted curves of mutant frequencies in

Chinese hamster V79 cells [T18] and mouse ascites
(EAT) cells [120] induced by x rays and #®Pu alpha
particles (see paragraph 172).

189. A study of 19 non-smoking people living in houses
with arange of radon concentrations (21-244 Bgm=in the
United Kingdom suggested that there was a correl ation of
HPRT mutant frequency in blood T-lymphocytes with
radon concentration. These data suggested that alpha
particles in this LET range have a considerably higher
effectiveness than found previously in high-dose experi-
ments with human somatic cells. While the estimation of
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alpha-particle dose to circulating blood lymphocytes is
difficult, the authors estimated an annual doubling dose of
2.1 mSv from their results [B29]. A number of problems
attend such measurements, not the least of which is the
samplesize. In afollow-up study by the same authorswith
atotal of 65 persons from 41 houses in the same town, no
significant corrdation was found between mutant
frequency and radon levels, even for peopleliving in the
same house [C34]. In a study in Belgium of 24 people
living in houses with radon concentrations exceeding 100
Bgm, anegative associ ati on between radon concentration
and HPRT mutation frequency was found [A10]. This
result led the authors to suggest the induction of repair
processes by low levels of radon.

190. The TP53 tumour-suppressor gene is commonly
mutated in many different types of cancers, with a
frequency ranging from <10% to >50% depending on
tumour type. Analysis of mutations in the TP53 gene in
lung tumours from uranium miners initially gave some
hope that these would provide a means of fingerprinting
high-LET radiation damage. Vahakangas et a. [V2]
sequenced exons 5-9 of the TP53 genein 19 lung tumours
from minersworking in New Mexico. They found severa
point mutations, although these lacked a class of base
subgtitution (G:C— T:A transversions) and werenot at the
hotspots described for lung cancer. In contrast, in alarger
study of 52 lung tumours from Colorado uranium miners
exposed to a dose that was, on average, five times higher,
Taylor et al. [T12] sequenced the same exons and found
that about half of the substitutionswere of the G:C — T:A
typein codon 249 (codon = base-pair triplet encoding one
subunit of the p53 protein). Thistransversion isvery rare
among TP53 mutations in lung tumours (many of which
arepresumed to be smoking-associ ated) and was suggested
to be a potential marker for radon-associated lung cancer.
At present, apart from the differencein average dosg, itis
difficult to see why these two TP53 mutation studies gave
such contradictory results. One possibility is that the
transversion mutations seen are a result of some other
agent in the environment of the mine; if themineisdamp,
then fungal toxinssimilar toaflatoxin B1, known toinduce
this type of mutation, might be present [V 3]. Follow-up
experiments looking specifically for the codon 249
transversion in lung cancers from individuals exposed to
high domestic radon levelsin the United Kingdom [L48]
and from German uranium miners[B45] failed tofind any
examples of this mutation.

191. In a study of thymic lymphomas in RF/J mice
induced by gamma rays or by neutrons (0.44 MeV), a
similar frequency of lymphomas was associated with
mutationsactivating RASoncogenes(24% for gammarays,
17% for neutrons). Of the gamma-ray set, 89% were
K-RAS-activated, with the majority (7 of 8) havinga GAT
— GGT mutation in codon 12. However, in the neutron set
no particular mutation site predominated, and one
lymphoma contained a K-RAS gene activated by a point
mutation in codon 146, a site not previously associated
with any human or animal tumour [S36].

192. Thereareconflicting dataon possibledifferencesin the
spectrum of large genetic changes induced by high-LET
radiation relative to those induced by low-LET radiation.
Early cytogendic studies with diploid human fibroblasts
suggested that a greater proportion of HPRT mutantsinduced
by high-LET radiation carried large genetic changes than did
x-ray-induced mutants [C37, T19]. Studies of specific-locus
mutations in mouse spermatogonial stem cells had dso
concluded, based on a number of criteria, that 2°Pu-induced
mutants carried more severe genetic damage than mutants
induced by low-LET radiation [R16]. However, classfication
of HPRT mutations by molecular analyss in both diploid
human cdls and hamster cdlls has not shown differencesin
the proportions of large deletions to point mutations at doses
of low- or high-LET radiation giving about 20% cdll surviva
[A8, G16, S18, T20]. A confounding factor (commonly
underestimated) in determining mutation spectra can be the
non-independence of mutants when grown in bulk culture
after irradiation [T22], but in the most recent studies [A8,
S18] theexperimental design ensured theindependence of all
mutants. Other studies have reported differences: irradiation
with 190 keV um™* Fe ions gave 82% large deetions of the
HPRT gene in human TK6 cdls rdative to 54% for X rays
[K21]. High doses of radiation from incorporated I, giving
1%survival of human TK6 cells, werereported toincreasethe
frequency of dd etionsor rearrangementswhen compared with
lower doses of 2| or with x rays [W22]. It was noted that
these high-dose mutations commonly showed loss of part of
the HPRT gene rather than the entire gene. It has smilarly
been reported in recent studieswith thesamecell linethat the
average Sze of radon-induced deletions of the HPRT geneis
not asgrest asthat induced by x rays[B19, C29]. Thisfeature
has also been noted for mutations induced at the hemizygous
DHFR gene in hamgter cdls; that is, the frequency of total-
gene deletions was much higher for gamma-ray- than for
apha-particle-induced mutations, while the reverse was true
for intragenic deetions [J11]. In the latter study, it was dso
found that some alphaparticle-induced deletions shared
common breskpoint sites, indicating a non-random distribu-
tion. Use of the heterozygous TK geneasatarget, dsoin TK6
cdls, showed again that the proportion of deetions was
similar for x raysand high-LET radiation (4.2 MeV neutrons
and argon ions), but that high-LET radiation induced a
category of large rearrangements not found for x rays [K20].
It has also been claimed that high LET radiationsinduce non-
contiguous dd etionsthat are not found with x or gammarays
(see dso paragraph 208) [S90]. A number of these studies,
therefore, suggest there could be differences in the types of
large genetic changes induced by high-LET as opposad to
low-LET radiation. Much more careful analysis is required
before any general statement can be made about the extent or
nature of these possible differences.

193. The mutagenic effects of a single alpha-particle
traversal were measured with a high-frequency detection
system (paragraph 171). Using a microbeam to localize 90
keV um? apha particles to cdl nuclei, a dose-dependent
increase in mutant frequency was found for traversals of 1-8
particles, with atwofold increasefor 1 aphaparticdetraversa
(cdl surviving fraction = 0.8) [H42]. Molecular anadys's of
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these mutants gave some support for the view that higher
doses of high-LET radiation induce larger genetic changes,
but this system is unusual in being able to sustain loss of the
whole target chromosome without |ethality.

194. It has been proposed that the ratio of specific forms of
chromosomal aberration may be a fingerprint of exposure to
high-LET radiation [B13, S71]. A low ratio (about 6) of
interchromosomal tointrachromosomal exchangeswasfound
in several dudies of aberration induction by high-LET
radiation, while a value of »15 was found for x or gamma
rays. However it was subsequently demonstrated [ S54], using
a smple two-dimensional chromosome mode alowing the
prediction of exchange sites rdative to track structure, that
more densely clugtered tracks are not predicted to give a
significantly lower ratio of aberration types than random
scattering of tracks. More critical assessment of experimental
data aso does not support this theory [L54, S66]; in
particular, reexamination of extensive plant data hasruled out
both this theory and any LET-dependence in the ratio of
interdtitial deletionstointer-arm exchanges[S72]. A different
high-LET fingerprint has more recently been proposed by
Lucas[L55], who suggested that the proportion of unrgoined
(“incomplete’) chromosome aberrations will be greater with
high-LET radiation, becausethelocal density of DNA double-
strand bresks is greater than for low-LET radiation and
competition between broken endsleadsto agrester chance of
incompleteexchangeevents. Published dataarecited that give
a raio of incomplete exchanges to complete exchanges
(trand ocations) of about 9 for low-LET radiations and about
2 for high-LET radiations, with "mixed-LET" radiations
giving intermediate values. While this theory has yet to
receive critical appraisa in the literature, it may suffer from
thesameproblemsastheesarlier theory, insofar asonly certain
setsof datagivelarge differences between high- and low-LET
radiations, partly because of difficultiesin correctly defining
incomplete aberrations. There may befurther difficultieswith
theideathat competition between broken endswill necessarily
lead to more incomplete aberrations and with the smple
assumption that incompl ete aberrations represent unrgoined
breaks.

E. NOVEL MECHANISMS OF
GENETIC CHANGE

195. Mogt of the processng of DNA damage by cdlular
repair enzymesis completed within a few hours of irradia
tion, including the fixation of mutations. However, there is
evidence that cdlular responses continue to occur for much
longer periods, over many cdl generations. These responses
include delayed cdl degth and genetic changes. While these
responses may in part be attributed to the time taken for the
cdl to recover from irradiation, therearein principle severa
reasons why persstent effects could occur. These incude
persstence of the damaging agent; persstence of certain
forms of DNA damage, i.e lack of repar; the repar of
damage leading to rearrangements of the genome, which
themsdves upset the correct functioning of the cdl (eg.
“position effects’ on blocks of genes); and theinduction of a

long-lived metabolic disturbance in somatic cells, such that
enzymatic activities (eg. DNA polymerases) involved in the
fidelity of maintaining the genome do not function properly.

196. It has been known for many years that cdls may take
some time to die following irradiation [E2, J7], but more
recently emphasis has been placed on letha mutations that
may take effect many cell generations after irradiation [B53,
G9, $16]. Thesetwo phenomenamay in part be aspects of the
same response. Delay in cdl degth in fibroblastic cdl lines
may be explained by the time taken for cdls to show the
effects of loss of essentia genes through chromosome
fragmentation (see paragraph 110). As cdls divide, they
segregate broken chromosomes (often seen as micronud &),
and the encoded gene products are diluted out of daughter
cdls, eventualy causing desth [J7]. In the same way, |etha
mutations may cause late-onset degth in cdls, however, they
can arise through more subtle effects on the genome than
simple chromosomal fragmentation and loss. Thus, al types
of mutation, from point mutation to large genetic changes,
may represent lethal mutationsiif they lead to loss of essential
gene products. However, to account for the high frequency of
lethal mutations at long times after irradiation, it has dso
been proposad that some form of persistent genetic ingtability
can beinduced by radiation.

197. In addition to delayed death, the mutation frequency
in inessential genes such as HPRT has been found to be
persistently elevated in alargefraction of clones surviving
irradiation [C20]. In these experiments, cells irradiated
with x rays (12 Gy) were grown as separate clones and
examined for both the proportion of cells surviving and for
mutant frequency at different timesafter irradiation. It was
found that clones showing reduced survival alsocommonly
had elevated mutant frequencies at the HPRT gene for as
many as50-100 cell generationsfollowingirradiation. The
mutant frequency in individual cloneswas highly variable
but sometimes exceeded 1 103 These delayed mutations
appeared to be predominantly point mutations [L34].

198. Chromaosomal aberrations have a so been found to per-
sig following irradiation. One-cdl mouse embryosirradiated
with x rays or neutrons showed an approximately linear
increasein the frequency of chromosomal aberrations per cell
in the firgt, second, and third mitoses post-irradiation. The
rdatively high frequency of aberrations, especially for
neutrons, and theoccurrence of chromatid-typeaberrationson
the third mitosis following irradiation suggested that new
aberrationswere being produced in post-irradiation cell cycles
[W40, WA41]. Smilar resultswere obtained with x irradiation
of two-cdl mouse embryos [W42)]. Delayed chromosomal
aberrationswerenot observed in embryostreated with restric-
tion endonud eases, suggesting that lesions other than DNA
double-gtrand breaks are responsible for this effect [W48]. A
significant increase in chromosome- and chromatid-type
aberrationswas alsofound in cdl cultures derived from foetal
skin biopses of micex irradiated as zygotes[P25]. The study
of chromosoma aberrations in lymphocyte and fibroblast
clones surviving x irradiation has smilarly given evidence of
persstent genetic effects[H30, M34, P33]. Analysis of clones
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for two months following irradiation showed that >20% had
sporadic aberrationsaswe | astransmissable donal karyotype
aterations[H31].

199. Genetic ingability in dones of cdls surviving
irradiation has also been described for alpha-particleirradia
tion of cultured haematopoietic stem cells from CBA/H mice
[K8]. Inthiscase, chromosomal aberrationsweremeasuredin
cdl clones surviving 3 Gy from x rays or 0.25-1 Gy from
apha partides (0.5 Gy from 2®Pu al pha particles corresponds
to an average of one track per cdl). About 50% of the dlones
surviving apha-particleirradiation carried aberrations; these
were mostly non-identical  chromatid-type aberrations,
suggesting that they had arisen many generations after
irradiation. The frequency of such ddayed aberration
induction in x-ray survivors was only about 2% [K8]. This
form of chromosomal ingtability in bone marrow cdls was
aso found to be transmissiblein vivo, by transplanting male
cdls irradiated with apha particles into female recipients
[W38]. The repopulated haemopoietic system showed
ingtability perssting for up to one year. Alpha particles have
also been shown to induce smilar ddayed chromosomal
effectsin the bone marrow of two out of four normal humans
[K9]. It was suggested that the lack of effect in some
individuals reflects genetic determinants that vary in the
human population, and additional studies of other inbred
mouse strains have also been found to show varying levels of
this form of genetic ingtability. The a pha-particle-induced
ingtability was, however, found to be independent of the p53
datus of the cdl [K32].

200. Heavy ion (neon, argon, or lead) irradiations have dso
been found to induce chromosomd instability in cultured
human fibroblasts [M35, S53]. Analysisof masscdl cultures
for up to 25 passages following irradiation showed that the
frequency of aberrations declined at first but then increased
until >60% of the cels showed aberrations. In contrast to
clona cel populations, these aberrations showed that the
telomeric regions of specific chromosomes (1, 13, and 16)
wereinvolved. In a study of apha particles of different LET,
the frequency of micronucle was found to be increased over
that in unirradiated hamster cdlsseven days after irradiation,
even a a dose giving one dphaparticle traversa per cel
nucleus [M36]. Calculations indicate that the target size for
this effect exceeds the sze of the nucleus, suggesting that
direct DNA damage by radiation tracksis not causdl.

201. It has been speculated that these events indicate that
ionizing radiation may induce an “untargeted” mechanism of
mutagenesisin cells, asaresult of the epigenetic alteration of
enzymatic pathways controlling genomic stability [L18]. The
ideathat DNA may not require adirect hit from radiation to
have an increased frequency of genetic changes has received
support from the measurement of non-mutational responses.
With reference to the process of carcinogenesisin particular,
thework of Kennedy e al. [K10, K11] suggeststhat radiation
may induce high-frequency events that predispose the cell
towards further (spontaneoudy-occurring) changes in the
process of mdignant cdl transformation. Furthermore, a
study of the induction of sster-chromatid exchanges in

immortalized hamster cdlls by very low dosss of 28Pu alpha
particles cdaimed that induction could be measured at doses
(0.3mGy) where<1% of the cdl'snuclel weretraversed by an
aphaparticle track [N8]. Subsequent studies of primary
human fibroblasts confirmed thisfinding; low doses of apha
partidesgivethreetimesas many s ster-chromatid exchanges
[D13] or afivetimes higher HPRT gene mutation frequency
[N25] than predicted from the number of nuclel traversed by
the particletracks, giving aconsiderably larger target sizefor
this effect than expected from nuclear dimensions [D13].
Similarly, the use of aphysical barrier to protect one part of a
cdl population from aphaparticle irradiation showed the
expected reduction in killing of mouse bone-marrow stem
cdlsbut did not reduce chromosomal ingtability [L63]. These
data are conddered as evidence for the exisence of a
“bystander” effect; that is, damage signals may betransmitted
from irradiated to neighbouring unirradiated cdls. In a
refinement of this type of experiment, an aphaparticle
microbeam was used to give precise irradiation of the
cytoplasm of cdls, without damaging their nuclei. Under
these conditions, an average increase of three-fold was found
in the mutation frequency in a senstive human-hamster
hybrid cdl line (paragraph 171), and the mutation spectrum
was similar to that occurring spontaneoudy [W51]. One
explanation of this phenomenon is that reactive oxygen
species are generated by radiaion in the whole cdl and
perhaps a soin the surrounding medium, and these species or
stable reaction products (e.g. lipid peroxides) diffuseinto the
nucleus and persis to cause chromosomal effects. Evidence
for this idea has been found with x or neutron irradiation of
bone marrow cells; various indicators of persstent oxygen
radical activity were found in cdl cultures seven days after
irradiation [C4Q]. It has a so been shown that alpha particles
can produce factorsin culture medium or in cdls that cause
increasesin g ster-chromatid exchanges, asnoted above; these
factorsareinhibited by superoxide dismutase, an enzymethat
catalysesthe conversion of superoxideions produced in water
radiolyss [L17]. Similarly, in the microbeam experiments,
reactive oxygen species were implicated in the mutagenic
effects of cytoplamsic irradiation [W51]. Further, in human
fibroblagts, the modulation of proteins involved in the p53-
dependent pathway (Section 11.B.2) following very low doses
of apha particles occurs in more cdls than have been
traversed by an alpha-partide track, apparently through cell-
cdl contact [A24]. The potentiad consegquences of bystander
effects are discussed further in Annex G, “Biological effects
at low radiation doses’.

202. Inan attempt tolink the ddlayed appearance of chromo-
somal aberrations to cancer-proneness, Ponnaiya et al. [P24]
measured this form of ingtability in strains of mice differing
in ther sengtivity to radiation-induced mammary cancer.
Strikingly, cdls from the more senstive strain (BALBI/c)
showed a marked increase in the frequency of chromatid
aberrations after 16 population doublings, while the less
sengtive strain (C57BL/6) showed noincreasein aberrations
over the contral leve.

203. Higher-than-average frequencies of specific types of
chromosomal aberrations have been found after irradiation of
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srainsof micethat are proneto certain types of cancer. These
aberrations are not necessarily the delayed effects of irradia-
tion but nonetheless may indicate that radiation damage to
specific parts of the genome contributes disproportionately to
cancer induction. As an example, interdtitial deletions of
mouse chromosome 2 are consigently associated with
radiation-induced acute myeloid leukaemiain severa inbred
grains of mice. The chromosome breakpoints involved in
these chromosome 2 ddtions are non-randomly distributed
and can be detected at high frequency at early timesfollowing
irradiation, suggesting that they may be an early event in
leukaemogenesis[B54, B55, H43, H45, R28, T23]. Investiga:
tion of two mouse drains showing large differences in
susceptibility to radiation-induced thymic lymphomas showed
that a early times following x irradiation the incidence of
specific chromosomal aberrations, epecialy trisomy 15, was
much higher in the cancer-prone strain than in the resistant
grain [C21]. These examples suggest that certain chromo-
somal regions may be more sendtive to radiation-induced
genetic changesthat are associated with cancer, dthoughitis
difficult to quantify thiscontribution precisdy without a better
understanding of the development of aberrant clones of cells
in animal tissues.

204. In some mutation systems very high frequencies of
mutation occur both spontaneoudy and after irradiation. With
radiation induction, the amount of initial damage (eg. the
numbers of DNA double-strand breaks per unit dose) in the
mutational target may not in these cases be aufficient to
account for the numbers of mutations induced. While it is
possibleto congder that every type of damage (paragraph 15,
Table 1) may sometimes lead to mutation, these examples of
high-frequency mutation have usually been proposed to arise
from a form of genetic indability. For instance, somatic
mutation frequencies of coat colour in Pink-eyed ungtable
mice arelinear with x-ray dose down to 10 mGy and occur at
least 100 times more frequently per unit dose than germ-line
mutations in the mouse specific-locus tests [S57]. The Pink-
eyed ungtable male mice have areduction in the pigment of
the coat and eyes, caused by gene duplication interfering with
normal pigment production; deletion of this duplication is
scored as the mutation, giving normal pigmentation seen as
black spots on the grey coat.

205. The spontaneous frequency of mutation at tandem-
repeat (VNTRor “minisatellite’) DNA sequencesinthegerm
line of mice is also very high (1%-10% in offspring). The
mechanism of mutation at these hypervariable loci does not
appear to involve unequal exchange between homologous
chromosomes [W30] but rather some form of complex gene
converson process [J10]. The incorporation of human
tandem-repest  sequences into yeest cells, to sudy the
mechanismsof variahility, has confirmed that such sequences
are destabilized in meiosis and that this process depends on
theinitiation of homologous recombination at anearby DNA
double-strand bresk [D23]. Irradiation of mouse spermato-
gonia stem cdls by x rays increased the mutation frequency
in offgoring relative to controls [D10]. More extensve
experiments at different stages of spermatogenesisusing both
single- and multi-locusprobesshowed noincreasein mutation

frequency in post-meiotic spermati dsbut gaveadoubling dose
of 0.33 Gy for premeictic spermatogonia and ssem cells. The
dose-response for mutation induction by 0.5-1 Gy x rays,
combined for spermatogonial and stem cdls, was linear
[D19]. In contradt, in a separate study using one of the same
probes at different germ-cdl dages the irradiation of
spermatogonia gave a non-significant increase in mutation
frequency, while the frequency in irradiated spermatids was
significant. Theincreasein mutation frequency wasnat linear
with dose, showing little increase above 1 Gy [F5, S19).
Similar datawerereported for %2Cf irradiations (35% gamma
rays, 65% neutrons): spermatids again showed the highest
induced mutation frequency, and a single dose (1 Gy) to
spermatogonia was significantly mutagenic. The RBE  for
these mutations with %2Cf was 5.9 for spermatogonia, 2.6 for
spermatids, and 6.5 for spermatogonial stem cdls [N15].
More work is required to reconcile the discrepancies that are
seen for different germ-cdll stages. Recently a gtriking result
has been found from tandem-repesat mutation studies follow-
ing irradiation of male mice with 0.5 Gy %2Cf neutrons, and
the mating of these mice to unirradiated mice through two
generations to yidd second-generation (F,) progeny.
Remarkably, the F, mice showed an eevated frequency of
mutation in therepeat sequencesinherited from both maleand
femalelines(6-fold and 3.5-fold, respectively), suggesting that
gendtic ingtability can be transmitted through the germline
[D24]. Theinduced mutation frequency at thesehypervariable
seguences seems to be too high, by two orders of magnitude,
for direct damage by radiation at the sites of mutation; it was
proposed that someindirect mechanism of mutation induction
isreponsble[D19, F5, S19, D24].

206. Human spontaneous germ-line mutation frequencies at
tandem-repest loci can aso be high (1%-7% per gamete). In
apilot study of children of survivors of the atomic bombings
(mean gonad dose, generally to only one of the parents =
1.9 Sv) and matched controls, mutation frequency was
measured at six tandem-repeat loci. The average mutation
frequency was smilar in the two groups, a 1.5% per gamete
per locus for the exposed gametes and 2% for the unexposed
gametes [K26]. A further study of the same children using a
probe to detect multiple-repest loci again showed noincrease
in mutation rate for the exposed group [S67]. However, a
twofold increase in the frequency of mutation at tandem-
repeat loci has been reported for children of parents resident
in the Mogilev didrict of Bdarus, which was heavily
contaminated in the Chernobyl accident [D14]. Four tandem-
repeat loci were tested, three of which showed increasesby a
factor of 1.7-2.0, while onelocus (in which only onemutation
was found) showed areduction in the exposed group. The 79
families tested were compared to a control Caucasian
population from the United Kingdom, which showed a
similar overal distribution of repesat lengths a these lodi. In
afollow-up study usng fiveadditional tandem-repest loci and
including a further 48 families from Mogilev, the same
general twofold increase was found when compared with the
same (United Kingdom) control population [D1]. The mean
dose to the exposed population was caculated to be
27.6+3.3 mSv from *'Cs; some evidence for adose-response
relationship was obtained by dividing the exposed group into
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those recaiving >20 mSv (mutation rate = 0.024) and those
receiving <20 mSv (rate = 0.018), compared with the control
rate of 0.011. Whileit is clear that thereisagenera increase
in the mutation rate for severd different genomic sitesin the
exposed population, difficulties of interpretation exist because
of the geographical disparity of the control group and the
possibility that other environmentad agents may be
responsible for the increased mutation rate [S67]. Asa direct
test of the involvement of tandem-repeet loci in radiation-
induced carcinogenesis, normal and tumour DNA from post-
Chernoby! thyroid carcinomaswas examined for mutationsin
three loci [N22]. Mutations were found in 3 of 17 tumours
(18%), with one of these having mutations in all three lodi,
while none of 20 sporadic thyroid cancers from patients
without ahistory of radiation exposure showed tandem-repest
mutations.

207. Recent studies of “hypermutation” in non-dividing
cultures of bacteria placed under sress have aso suggested
that recombination processes areinvolved in the formation of
small deletions at high frequency [R29]. It is suggested that
when bacteriaare starved of nutrients, for example, mutations
arise & a very high rate in order to survive (if sufficient
mutations occur, one of these may be sufficiently favourable
to alow the cels to adapt to the prevailing conditions).
Evidence supports a modd in which cdls enter a transent
hypermutable state in which DNA double-strand breeks
initiate homologous recombination activity (see Figure 1d),
priming error-prone DNA synthesis. It seems likey that the
errors(mutations) arise asaresult of adown-regulation of the
mismatch repair system (paragraph 166) [H44]. Similarly,
specific types of oxidative base damage (e.g. 8-oxoguanine,
paragraph 24) may lead to small deletion mutations when
mismatch correction iscompromised [B56]. The significance
of these findings is that the intrinsic mutability of cdlsis
modifiable, and this principle may apply equally to many
types of cel, perhaps including those involved in carcino-
genesis[R30].

208. Other reported phenomenamay a so be connected tothe
induction of genetic ingtability following irradiation. One of
these is coincident mutation: in cells sdected for radiation-
induced mutation at one genomic site, a high frequency of
mutations occurs a other Stes. Li et a. [L16] found two
mutations at tandem-repesat loci among 50 x-ray-induced TK
gene mutants, a frequency of 4 102 and far in excess of
expectation based on current knowledge of radiation-induced
gene mutation frequencies. No second-site mutations were
foundin 70 unirradiated clones. Perhapsthe dearest example
of coincident mutations was found in an extensve study of
x-ray-induced mutation in the fungus Neurospora crassa
[D5]. In a chromosomal region containing 21 genes, about
10% of the radiation-induced mutants had mutationsin more
than one gene following asngle acute dose. However, ayeast
cdl study has revealed a possible mechanistic basis for non-
targeted mutationsthat occur relatively dlosetotheinitial Ste
of damage, without invoking geneticingtability [S52]. A DNA
double-strand break was placed a a single site in one yeast
chromosome, using a ste-specific endonuclease, and
mutations were measured in a gene situated adjacent to the

bresk site. After the bresk had undergone recombination
repair, it was found that the adjacent gene had sustained a
300-fold increase in the frequency of point mutations. This
result suggests that the bresk repair process is error-prone,
presumably because of a lack of fideity in DNA repair
synthesis, and extends over distancesof several hundred DNA
base pairs.

209. Itisdifficult to know how thereports of delayed genetic
effects and ingability following both low- and high-LET
radiation may apply to humans. As indicated above (para-
graphs 201-203), a high frequency of radiation-induced
gendic or epigenetic changes may contribute to cancer
incidence, at least in those instances where an accumulation
of somatically-stable changes is required. However, it is il
not clear whether genetic ingtability or a higher-than-normal
mutation rate is a necessary for the development of tumours
[T38]. Inthe case of inherited genetic dterations, where germ
cdlsarethetarget, measurementsof mutation frequency made
a short intervals after irradiation could underestimate the
induced mutation frequency. However, in the case of apha-
particleirradiation, miceinjected with 2°Pu and subsequently
mated to tester stocks (specific-locus method) over many
weeks were not found to show increasingly high levels of
mutation [R16]. It is, of course, possible that some potentia
increase in mutations may be balanced by sdection againgt
sperm carrying an increased load of genetic damage due to
ingtability. Thetype of mutation induced may beimportant; if
these are point mutations, they could have agreater chance of
transmisson and could lead to dominant genetic effects in
offgoring. The potential importance of genetic ingtability in
carcinogenesis, epecialy at low radiation doses, is discussed
further in Annex G, “Biological effects at low radiation
doses’.

F. MUTATION FREQUENCIES AND
CONSEQUENCES

210. Radiation-induced mutations are always measured
against a background of spontaneously-occurring muta-
tions. The mechanisms of spontaneous mutation are
numerous; the chemical reactivity of DNA leads to
instability, and there are inherent errorsin replicating a
very large molecule. Some of these mechanisms will
overlap those of radiation damage; for example, oxidative
damagefrom metabolic processesin aerobic organismswill
give both base damage and strand breaks (paragraph 19).
This indicates why many of the types of mutation that
occur spontaneoudy are similar to those formed by ioniz-
ing radiation. Thecell requiresefficient repair processesto
cope with endogenous damage; if unrepaired, the damage
will lead to base-pair substitutions as well as some larger
changes. The increase in mutant frequency found after
exposuretoionizing radiation islikely to come from both
the additional load of damage similar to that occurring
spontaneously (such as DNA base damage and loss) and
more complex radiation-induced damage that cannot be
handled easily by the cell's battery of repair enzymes
(Section 1.B).



ANNEX F: DNA REPAI

R AND MUTAGENESIS 45

211. As was stressed in Section 1V.B, an important
influence on the observed frequency of mutation is the
tolerance of the genome site to large changes. When large
changes are tolerated, the spectrum of mutations induced
by ionizing radiation shows that at least half (and
commonly more than half) of the mutations measured
shortly after irradiation are large deletions and rearrange-
ments. This spectrum may change with time after
irradiation, but as yet there are too few data to comment
meaningfully onthispossibility. Mutation frequencieshave
been measured for a few target genes, which have been
chosen for their ease of use and especially for their
presencein ahemizygousstate. Whilethese measurements

seem unlikely to represent the genome as a whole (see
Section 1V.E), they do give some idea of the variation in
frequencies and the reasons for this variation. An
interesting comparison can be made of the hamster APRT
and HPRT genes; since both of these code for inessential
enzymes of similar function (purine salvage) they should
both detect all types of mutant. However, the APRT geneis
thought to have an essential gene situated downstream,
which limits the possibility of detecting very large
deletions (paragraph 179). Table 4 shows that the
frequencies of both spontaneous and radiation-induced
APRT mutations are lower than those for HPRT by more
than an order of magnitude.

Table 4
Mutant frequency and spectrum in two different genes of hamster cells
Mutant frequency Deletions/rearrangements
Agent (10 cells) Number analysed %)
APRT (autosomal hemizygous) [M13]
None 0.13 125 7.2
EMS 2 430 48 0
Gammarays 15-30° 85 22.3
HPRT (X-linked hemizygous) [T20]
None 6.2 44 18
EMS? 690 56 0
Gammarays © 38.8 48 71

a Ethylmethane sulphonate, an alkylating agent.
b Doses2.5and 4 Gy.
¢ Dose5 Gy (both EMS and gammarray doses gave 20% cell survival).

212. Whether available mutation systems are sensitive
enough toyield useful data on genetic damagein situations
of practical importance is questionable. There has been
some controversy over attempts to measure, for example,
the frequency of HPRT gene mutations in the blood
lymphocytes of radiotherapy technicians and patients. It
was concluded that some of these studies are better at
revealing the variables involved in measuring mutation at
low doses than at giving reliable data on mutation
frequencies (reviewed in [T22]). One study [N16], how-
ever, included molecular analysisof themutationsfoundin
lymphocytes of radioimmune therapy patients and showed
that a higher proportion with large genetic changes
occurred than in controls, with some dose dependence for
the fraction of mutants with large changes due to cumula-
tive ¥4 activity. Studies of the survivors of the atomic
bombings[H32, H33] reported adlight increase, about 10%
per Gy, in HPRT mutant frequency as estimated dose
increased. This frequency increase is considerably lower
than found in freshly-irradiated lymphocytes, suggesting
that HPRT mutants are sel ected against over thelong time
period involved. However, it has recently been found that
asignificant increase in HPRT mutant frequency could be
detected in combined datafrom 142 liquidatorsinvolvedin
the Chernobyl accident (24% increase in the liquidator
group relativeto Russian controls) after adjustment for age
and smoking [T49].

213. The problem of sdection againgt mutant cells seemsto
be less severe in some more recently developed mutation
assays. An assay based on the loss of one copy of the cdl-
surface marker glycophorin A, encoded by the GPA gene, in
human erythrocytes gave dose-dependent increasesin mutant
frequency in survivors of the atomic bombings, and the
frequencies per unit dose were similar to those found in
human cdls irradiated with low-LET radiation under
laboratory conditions[K1, K33, L44, L45]. In contrast to the
HPRT data, there was a positive correlation between the
frequencies of chromaosomal aberrations and GPA mutantsin
exposed individuals; additionaly, survivors with malignant
solid tumours showed a significantly higher mutant frequency
than those without cancer. This assay will measure
chromosomeloss(by, for example, non-digunction) aswell as
mutation and recombination events in individuals already
heterozygous for the GPA gene (about half of the human
population), but it has the drawback that no molecular
analyssof the mutationsis possible (mature erythrocyteslack
nuclel) [G24]. The GPA mutation system has also shown
dose-dependent mutation induction in individual s exposed to
doses of up to 6 Gy during or following the Chernobyl
accident, and the dope of the dose response was very smilar
for these measurements and the GPA mutants measured in
survivors of the atomic bombings (at about 25 10° mutants
Gy™) [J18]. Thisresult has received support from subsequent
measurements of GPA mutation in liquidators [W53] or
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peoplelivingin thevicinity of Chernobyl [L71] a thetime of
the accident. However, use of the GPA system to measure
mutation in more than 700 Estonian and Latvian workers
involved in the Chernobyl clean-up, with estimated median
doses of about 100 MGy, did not detect a consstent increase
in mutant frequency [B39]. Themutagenic effectsof 5.3 MeV
apha particles (average LET = 140 keV pum®) in a human
exposad to 2?Th over a 43-year period following thorotrast
injection were measurable using the GPA gene assay [L11].
These data showed a fivefold increase in GPA mutants and
correlated to large increases in chromosoma aberration
frequency in lymphocytes from the same individua. Other
data associated with the consequences of the Chernobyl
accident are consdered in the Annex J, “ Exposures and
effects of the Chernobyl accident” .

214, Where enough measurements have been made, the
average frequency of gene mutation induced by low-LET
radiation issimilar in cells from different somatic tissues
and species. This can be illustrated by a plot of induced
HPRT mutant frequency against surviving fraction (Figure
VI1I1a), where differences in intrinsic radiosensitivity are
taken into account [T13, T14]. Theplot alsoindicatesthat
there is some consistency in the reationship between
mutation and killing, suggesting that these responses
derivefrom similar types of damage, a constant fraction of
which is converted to mutations [T17]. It should be noted
that this relationship does not say anything about the
absolute mutant frequencies for different tissues or
organisms; these may differ substantially, as seen, for
example, in the response of different germ-cell stagesin
the mouse [S29].

215. The mutation frequency/survival plot can also be used
to show that both the type of radiation and cdlular
parameters can influence the effectiveness of mutation
induction. Thus, for HPRT mutation, densdy ionizing
radiation shows an increase in the effectiveness by a factor of
no morethan 2; i.e. the RBE for mutation is about twice that
for cdl killing (Figure VIIIb) [C22, T16, T18]. Similarly,
X raysvary in effectivenesswith the phase of the cdl cyde an
increase in the effectiveness of mutation induction by factors
of 2-3isfoundrelativeto cdl killing, especialy in G,/S phase
[B14, J6]. It istempting to speculate that the repair systems
operational at this point in the cycle (see Section 11.B.1) are
more prone to recombinational errors.

216. Mutation induction isasosubject todose-rate effects; in
generd, the effectiveness of low-LET radiationsisreduced by
factors of 2-4 at low dose rates [T22]. However, it has dso
been found in specific conditions that the mutagenic
effectiveness may remain the same or may increase at low
dose rates relative to high dose rates [T22]. For example, if
TK6 lymphoblastoid cells are exposed to low dose rates, no
changein mutagenic effectivenessisfound [K36], whiletheir
more radiation-resigtant counterpart WIL2-NS (paragraph
185) shows an approximatdy twofold reduction in effective-
ness[F11]. Lack of ateration in mutagenic effectivenesswith
dose rate has aso been seen for radiation-sensitive (DNA-
repair-deficient) cdl lines[F12]. In addition, at dose rates of
low-LET radiation of <0.5 mGy min, rodent cel lines may

show no dose-rate effect [E10, E11, F13] or an increased
(inverse) dose-rate effect [C44, C45]. Also, inverse dose-rate
effects have been seen with low dose rates of high-LET
radiation [K37, N18].
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Figure VIII. Mutation-survival relationship for HPRT
genes.

Vllla: Similarity of induced mutant frequency in cell
lines from human, mouse and hamster [T17];

VIlIb: The increased effectiveness of densely ionizing
radiation (*®Pu alpha particles) compared to x rays in
hamster cells [T18].

217. Some of these dose-rate data point to specific cdlular
processes influencing the response; in particular, it appears
that the response is dependent on the capacity of cdls to
repair damage to DNA [T22]. It has long been thought that
cdlular repair capacity is respongble for the reduction in
mutageni ¢ effectivenesswith doserate, as seen for examplein
classical mouse germ-cdll data [R6, R7]. Where little or no
doserate effect is found, the repair capacity of the genetic
region or of thewhole cdl istherefore likely to be impaired.
This stuation may aso apply in some germ-cdl stages;
spermatozoa of both Drosophilaand the mouse show no dose-
rateeffect [R6, T31]. Thefinding that very low doseratesgive
little relative effect, or an inverse effect, in some somatic cel
lines may indicate that the full repair capacity of a cel
requiresaminimum leve of insult (damage induced per unit
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time) beforeit isbrought to bear on that damage. However, it
should be noted that chronic irradistion of mouse
spermatogonia stem cells has shown no further reduction in
specific-locus mutation frequency below 8 mGy min™ with
dose rates down to 7 uGy min [R17].

G. SUMMARY

218. DNA damage caused by ionizing radiations leads to
varioustypesof mutation: thesmaller mutations, such asbase-
pair subgtitutions, appear to result from damage to single
bases, while larger changes, such as large deetions and
rearrangements, probably arise from DNA double-strand
breskage. The spectrum of radiation-induced mutations is
dominated by the larger molecular changesif the genetic Ste
assessed will tolerate these without lethality. In view of the
propensity toinducelargegenetic changes, it may be supposed
that the average radiation-induced mutation has greater
conseguencesin terms of extensive alterations of the genome
than the average spontaneous mutation or those induced by
other agents. As yet no digtinct mutationa fingerprint has
been identified for ionizing radiations, athough there is a
suggestion that the more complex types of molecular change
may beoverrepresented in thespectrum. High-LET radiations
induce a higher mutation frequency per unit dose, but there
are inaUfficient data to establish whether the mutation
spectrum is different from that for low-LET radiations.

219. Attempts by cdlular enzymes to repair DNA damage
are intimately linked to mutation formation. The molecular
mechanisms of radiation-induced mutation include illegiti-
mate recombination, but where genes are heterozygous there
isevidencethat homol ogousrecombinationisinvolved (giving

lossof heterozygosity, commonly seen in some cancersasloss
of tumour-suppressor genefunction). Someformsof radi ation-
induced base damage will be repaired by mismatch repair
pathways, loss of mismatch repair function can lead to
hypermutability, which is linked to specific forms of cancer
such as hereditary non-polypos's colon cancer. The involve-
ment of repair processes in mutation formation suggests that
the intringc mutability of cdlsisnot fixed but will vary with
their repair capacity; this concept may have important
conseguences for the process of carcinogenesis.

220. Thereare severa reports of pergstent genetic effectsin
cdls and animals following irradiation, suggesting that
gendtic ingtability isinduced. A possible explanation for this
phenomenon isthat stable oxidative reaction products persst
and can continue to give genetic damage in subsequent cdl
generations, athough other explanations are possible (para-
graph 195). In some mutation systems very high frequencies
of mutation (hypermutability) occur spontaneoudy and after
irradiation; on the basis of target Sze, it is unlikely that these
mutationsareinduced directly by radiation damage at thesites
of mutation. Hypermutahility also suggeststhat some form of
gendtic ingtability is induced by radiation treatment, but at
present it is difficult to know how these data reate to
responses such as cancer induction.

221. Methodshavebeen established for measuring mutations
with some accuracy in human somatic cdls, such as blood
lymphocytes, but most mutation systemslack the senstivity to
be usad asindicators of genetic damage in cases of low-dose
radiation exposure. Some success has been found in measur-
ing mutant frequencies in cels of individuals exposed to
rdatively high doses of radiation, such as atomic bomb
survivors and Chernobyl recovery operation workers.

CONCLUSIONS

222. DNA repair processes have evolved in al biologica
organismsto combat the del eterious effects of damageto their
genetic material. Attemptsto repair DNA damage also cause
many types of mutation, through inability to properly restore
the DNA sequence. Many of the genes involved in the repair
of DNA damage in human cells have now been doned, and
ther functional analysis has led to congderable progress in
our understanding of the ways in which cells and organiams
respond to radiation damage. Severd different pathways of
repair are required to cope with damage from ionizing
radiation (Figure I11), and the consequences of losing repair
capacity can be dragtic. The importance of the repair gene
function hasbeen revealed in particular by thedevel opment of
methodsto knock out specific genesin experimental animals.
Using these methods, it has been found that the loss of repair
gene activity is often lethd in early stages of deve opment
(Table 2). Where the knockout animals survive the loss of
repair capacity, they are commonly very prone to cancer.
These findings reinforce more limited studies with rare
individuals in the human population, which have suggested
for some time tha radiosenstivity is linked to cancer

proneness. The converse finding, that mice lacking
homol ogues of thehuman breast-cancer-predisposing (BRCA)
genes are radiosensitive, is a further important illugtration of
thislink. Loss of repair genefunction is considered to lead to
cancer proneness primarily through an increase in genetic
ingahility, although the mechanistic details of this process
remain to be ucidated. The precise contribution of loss of
repair gene function to therisk of radiation-induced cancer in
the population is unknown at present; if calculations are
redricted to those rare individuals with recognized repair
syndromes, then this contribution will be smdl, but it is
aready known that a more subtle variation in these genes
occurs widely in the human population.

223. Cdlular survival assaysindicate atwofold variation in
the response of individualsin the general population to acute
radiation exposure. This variation may become three- or
fourfold when irradiation is given at low dose rates. Specific
groups of individuals may show a consigently eevated
sengtivity; for example, individuals heterozygous for the
ataxiatelangiectasaamutated (ATM) gene, who condtitute
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about 1 percent of the population, show enhanced radio-
sengtivity especialy when tested in a chromosome-damage
assay. This finding has recently been reinforced by smilar
data with transgenic mice heterozygous for ATM deficiency.
Strikingly, using the chromosome-damage assay, one study
has shown that about 40 percent of breast cancer patients
show a smilar enhancement of radiation sengtivity. Recent
evidence shows that the enhanced radiosenstivity of breast
cancer patients has a genetic basis; it has been suggested that
the ATM geneisinvolved in predisposition to breast cancer,
but the evidence for this is controversid. It is possble that
small reductions in the efficiency of any one of a number of
genesinvolved in radiation response, due to subtle mutations
or polymorphisms, will account for the existence of radio-
sengtive groups of individuals.

224, Theanaysisof DNA repair processes hasrevealed that
they arepart of acomplex response system in our cells, which
includes genes involved in recognizing and sgnaling the
presenceof damageand genesoperating checkpointstoensure
that cells do not progress through the cdl cycleif they carry
DNA damage. The functiona analyss of repair genes
involved in radiation response has aso reveded a link
between radiosenstivity and immune dysfunction, because
some of the gene productsinvolved in therepair of radiation-
induced DNA double-strand breaks also assemble functional
immune genes. Thus, radiosenstivity in humans can arise
from the loss of a broader spectrum of gene functions than
wasinitialy recognized.

225. A reduction in DNA repair capacity may have severd
consequences for the cdlular radiation response, including
ateration in the shapes of dose-response curves, the loss of
low-dose-rate sparing, and a loss of rdative effectiveness for
high-LET radiations. It is probable that these consegquences
arisemainly from an alteration in the ability torepair complex
forms of DNA damage, particularly those involving double-
dsrand bresks, since this type of damage is extremdy
hazardous to the cell. DNA repair capacity is therefore an
important component of radiation dose-response, and it is
clear that it needsto be considered asavariablein moddling
radiation action, especialy when atempting to extrapolate to
low dose exposure. However, before the effects of repair
pathways can be modelled accuratdly, thereis till consider-
ably moreto learn about the way in which different pathways
contribute to the overd| responseto radiation. At presentitis
not known how cells control the use of different repair path-
ways in responding to damage, and in particular how a
balance is achieved between correct (error-free) repair and
repair leading to mutation induction. Additionally, more
information is needed on the reationship between DNA
repair and apoptosisin different cellsand tissuesto predict the
outcome of radiation exposure.

226. Thereisexperimental evidencethat pre-irradiation with
low doses (5-10 mGy) can increesetheresstance of cdllstoa
subsequent higher dose, and that a more senstive cdlular
responseto radiation existsat low dosesthan at higher doses.
These observationshaveled to some controversy; they suggest
that under some circumstances a resistance factor can be
induced by low radiation doses, but the mechanigtic basis of

the observations has proved difficult to etablish. It hasaso
been found in separate studiesthat anumber of different genes
and proteins are induced or repressed by radiation, athough
few of these appear to be involved directly in the repair of
DNA damage. To datelittle of this characterization has been
carried out in a sysematic fashion, because it has been
conditioned by the availability of cloned genes and proteins.
However, new technology based on largescae gene
sequencing coupled to micro-arraying of sequences is
beginning to revolutionize this type of study by enabling the
assay of hundreds or thousands of gene products at onetime.
By examining the levels of many gene products from cdls
before and after irradiation, as well as with time dapsed
following irradiation, it will be possble to see how the
damage response is coordinated. These methods also permit
a molecular description of the differences in leves of gene
products present in normal and diseased tissues, including
tumour tissue, facilitating an understanding of themechanistic
basi s of cancer induction by agentssuch asionizing radiation.

227. Many different types of DNA damage are caused by
ionizing radiations, ranging from isolated single-strand
damage at Stes of Sngleionizationsto complex DNA dtera-
tions a sites of clugtered ionizations. The more complex
forms of damage may be uniqueto theinteraction of ionizing
radiationswith DNA, compared with damage occurring spon-
taneoudy or that caused by other DNA-damaging agents.
Severd atempts have been made to establish whether radia-
tion damage can lead to adistinct fingerprint of genetic chan-
ges, but this has proved dusive. It is dear, for example, that
the spectrum of gene mutation arising from radiation damage
has differences from the spontaneous mutation spectrum, but
the overlap in the two spectra is consderable. Again, new
technol ogiesbased on fluorescent in situ hybridization, theuse
of reporter genes with fluorescent tags, and comparative
genomic hybridization will allow arefined view of radiation-
induced genetic changes and the hope of future distinctions.

228. Many genetic changes caused by radiation occur within
a few hours of giving the dose, but there is experimenta
evidence to show that some forms of change may occur after
much longer times and following many cdl divisons. In
addition, at somesitesin the human genome, the frequency of
radiation-induced genetic changesismuch higher than would
be expected based on direct damage to DNA by radiation
tracks. These observations broaden our knowledge of the
mechanisms of radiation action, but eucidation is required
further before the consequences of these mechaniams for
radiation risk can be understood.

229. Itisclear that much more knowledge of the structure of
the human genome, in particular the disposition of the genes
within it and therr responsesto radiation, isrequired beforeit
will be possible to predict the average frequency of mutation
induced by a given dose of radiation. Additionaly, therange
of repair capacities present in the human population,
including carriers of defective repair genes, will have to be
considered to predict mutability on an individua basis. A
more compl ete knowl edge of these response mechanismswill
alow grester accuracy in the prediction of radiation-induced
carcinogenic and hereditary effects.
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